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Abstract 
During the past two decades, an improved understanding of the operative particle 
deformation mechanisms during latex film formation has been gained. For a 
particular colloidal dispersion with a known particle size, the Routh-Russel 
deformation maps predict the dominant mechanism for particle deformation for a 
particular set of conditions (evaporation rate, temperature, and initial film thickness). 
Although qualitative tests of the Routh-Russel model have been reported previously, 
a systematic study of the relationship between the film formation conditions and the 
resulting water concentration profiles is lacking. Here, the water distribution during 
the film formation of a series of acrylic copolymer latexes with varying glass 
transition temperature, Tg (values of 22, 11, 4 and 19 ºC) has been obtained using 
GARField nuclear magnetic resonance profiling. A significant reduction in the rate 
of water loss from the latex with the lowest Tg was found, which is explained by its 
relatively low polymer viscosity enabling the growth of a coalesced skin layer. The 
transition between slowed drying and unimpeded drying occurs at the boundary 
between the capillary deformation and wet sintering regimes, in full agreement with 
the Routh-Russel model. An inverse correlation between the model’s dimensionless 
control parameter and the dimensionless drying time is discovered, which is useful 
for the design of fast-drying waterborne films. The effect of particle size and 
bimodality on the film formation of latexes was also investigated. The differences in 
the drying rates at the early stages of drying due to different particle sizes were 
discovered. The latexes with unimodal smaller particle sizes were found to have 
longer characteristic drying times compared to those with unimodal larger particle 
sizes. This was postulated to be due to the Kelvin-Laplace theory of the reduction of 
vapour pressure of water due to the radius of the water menisci between polymer 
particles at the early stages of the drying process. Acrylic acid functionalised latexes 
were then studied. The effect of neutralising the latexes to a higher pH of 9 on the 
drying of latexes was investigated. It was found that the latexes with a higher pH had 
faster characteristic drying times compared to those with a pH of 2 which could be 
useful when designing stable waterborne coatings. 
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1. Introduction 
1.1. Objectives 
 
Coatings products are sold globally and therefore applied over a wide range of 
climatic conditions. Specifically, coatings need to dry both in hot and dry or humid 
situations as well as those that are cold and humid or dry. This poses a serious 
challenge for waterborne coatings, which either fail to dry or do so too quickly for 
their intended properties to develop. The use of volatile organic compounds (VOC’s) 
in coatings is discouraged due to the pollution caused during application and as the 
paint dries the VOC’s are released into the atmosphere. Legislation is becoming the 
major driving force towards low emission of organic solvents and the use of 
waterborne coatings is one of the alternatives to organic solvent based coatings. 
(Wicks Jr. et al., 2007) 
An understanding of the drying process will encourage the control of drying 
waterborne coatings through formulation strategies towards zero VOC contributing 
solutions. The objective of the research is to determine what effect, if any, the 
particle deformation has on the water loss. The extent of deformation is being 
adjusted through the glass transition temperature (Tg) of the polymer particles. The 
study was extended to see the effect (if any) of the size of the particles and the 
presence of poly(acrylic acid), which is hydrophilic at higher pH values 
Several latexes were made using the semi-seeded emulsion polymerisation 
process under monomer starved conditions using copolymers of Methyl methacrylate 
(MMA) and Butyl acrylate (BA). Several latexes were made with different Tg’s with 
similar average polymer particle sizes of around 70 nm.  
To study the effect of particle size on the drying, a series of latexes then synthesised 
using the same copolymers of MMA and BA with similar dry Tg of 4 °C but different 
particle sizes from 59nm to 395nm.  
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Finally, a series of acrylic acid functionalised latexes were synthesised with similar 
average particle size of 70 nm but with different concentrations of AA monomer 
polymerised and then the pH neutralised from pH =2 to pH = 9. 
In this research, several techniques were used to track the drying process of the 
acrylic latexes as well as characterising the resultant films. A specialised nuclear 
magnetic resonance (NMR) technique called, GARField was employed to track the 
state of the water in a film as it dries and atomic force microscopy (AFM) was used 
to characterise the surface of the dry films. Gravimetric analysis was used to 
characterise the physical state of the drying film.  
 
1.2. Structure of thesis 
 
Chapter Two provides an introduction, which is to present different scientific 
subjects related to this work. It starts with a general introduction of emulsion 
polymerisation and the generally accepted theory of the emulsion polymerisation 
process first introduced by Harkins and followed by Smith and Ewart. This is then 
followed by a brief introduction to other polymerisation methods currently used. This 
is followed by a detailed insight into colloidal dispersions and their stability, 
overview and stages of film formation, driving forces of particle deformation and the 
supporting model for drying dispersions. The Russel and Routh model for normal 
drying of latex system is also described in this chapter which is the model for 
deformation tested in this study. 
Chapter Three is devoted to introducing the synthesis of latexes from copolymers of 
butyl acrylate (BA) and methyl methacrylate (MMA) and characterisation techniques 
used to track the drying process and the resulting films. Techniques used are 
magnetic resonance profiling, to track the distribution of water during drying; 
combination of diffusive wave spectroscopy and gravimetrical analysis, to correlate 
particle motion with the water loss in drying latexes. 
Chapter Four presents studies on the effect of polymer viscoelasticity on the drying 
mechanism of latexes; the correlation of particle deformation and polymer 
viscoelasticity and water loss in drying latexes. The coalescence of particles near the 
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latex air interface during drying is referred to as “skin formation”. The “skin” can 
lead to slower transport of water through the polymer phase and hence retard water 
loss during drying. The effect of changing film thickness and humidity on the latexes 
is also explored in this section.  
 
Chapter Five presents studies on the effect of particle size and bimodality on the 
water loss rate from latexes during the stages of film formation. Latexes with 
different particle sizes and similar Tgs of around 4 °C were dried under controlled 
environmental conditions. Correlation between particle size and water loss rate is 
presented in this section. The second part of this chapter then explores the effects of 
bimodal latexes from with different concentrations of small particles and large 
particles of similar Tg of around 4 °C dried at different controlled environmental 
conditions. 
Chapter Six explores the effects of acrylic acid functionalised latexes on the water 
loss rate during drying. A series of latexes with similar particle sizes of around 70 
nm were synthesised with addition of varying concentrations of acrylic acid 
monomer from 0.5%, 1% and 2% polymerised with MMA and BA monomers 
resulting in latexes with similar Tgs of around 4 °C. The effect of the concentration 
of AA on the drying of the latexes was explored and the effect of pH on the drying of 
the latexes. 
Chapter Seven, presents the final reviews of this research work and the proposed 
future work. 
 
  
4 
 
2. Background 
 
2.1. Colloidal Stability 
Coatings are complex and consist of multi-phase colloidal systems that are applied to 
form a continuous film on a surface. Latex is a dispersion of polymer particles in 
water and is commonly used in paints as a binder. (Keddie & Routh, 2010). Other 
components are incorporated such as pigment particles depending on the type of 
substrate and the environmental conditions to achieve properties intended for its end 
use. The term binder is used since it functions by binding the particulates together 
and providing a continuous film upon drying. The main objective of this section is to 
consider the colloidal phenomena involved in a latex system and understand how the 
inter-particle forces affect the microstructure of a coating. In all colloidal systems, 
particle inter-particle forces such as the attractive van der Waals and repulsive 
electro-static charges (such as those described by the Derjarguin, Landau, Verwey, 
and Overbeek (DLVO) theory) will have an effect on stability and particle packing. 
Polymer interactions such as steric stabilisation are also important and have an effect 
on the resistance to flocculation of particles and thus the stability of coatings. 
2.1.1. Instability in Colloids 
 
It is important to start by distinguishing the two cases whereby latexes are 
destabilised; Case 1, whereby the dispersion medium, water is removed by 
evaporation and those whereby destabilisation occurs in the presence of the 
dispersion medium, Case 2. In Case 1 the final state of then either a cracked or 
coherent film or a dry powdery deposit of the polymer phase depending on the 
temperature and other factors which will be discussed later in this chapter. In Case 2 
there are different terms to describe the different types of colloidal destabilisation 
which are also shown in Figure 2.1 and are as follows; 
Creaming is when gravitational forces dominate and is dependant primarily on the 
density of the dispersed phase. If the density of the dispersed phase, is much less than 
that of the medium such that the dispersed phase collects at the surface of the 
medium. This can be avoided by increasing the viscosity of the dispersing medium 
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such that the viscous drag force is much greater than the gravitational force acting on 
the dispersed phase.  
Sedimentation is the similar to creaming, however in this case the reverse is true. 
Whereby, the density of the dispersed phase is much higher than that of the medium 
such that the particles collect at the bottom of the medium. This can also be avoided 
in the same way as described when creaming occurs. 
Aggregation can lead to either flocculation or coalescence. Flocculation is reversible 
and is whereby the particles come together but this coming together to form clumps 
with the dispersed phase in between the particle boundaries and this process can be 
reversed by agitation. Coalescence is not reversible because the particles are close 
together that inter-diffusion of polymer molecules occurs to form larger particles 
leading reduction of surface area.  
 
 
Figure 2.1. Schematic representation of different unstable colloidal systems. 
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Latex is an example of a colloidal dispersion. It consists of polymeric particles, 
which are usually a few hundred nanometres in diameter, dispersed in water. (Keddie 
& Routh, 2010). Colloidal dispersions are not thermodynamically stable because of 
their high surface free energy and must be stabilised so that particles will not 
aggregate within the useful life of the dispersion. (Wicks Jr et al., 2007). There are 
three fundamental forces that operate on fine particle in solution such as the 
polymeric particles in latex. These forces are; gravitational, viscous drag force and 
Brownian motion. Gravitational forces tend to settle or raise particles depending on 
their density relative to the solvent (in this case, water). Secondly, viscous drag force, 
which arises as a resistance to motion, since the fluid has to be forced apart as the 
particle moves through it. The third force acting on the dispersed particles is the 
‘natural’ kinetic energy of particles and molecules, which causes Brownian motion.  
(Pashley & Karaman, 2001).  
We can calculate the terminal velocity, Vt, (for settling (sedimentation) or rising 
(creaming), depending on the particle’s density relative to water) of a spherical 
particle of radius, Rp, by looking at the first two forces; gravitational and viscous 
drag force. Under these conditions, the viscous drag force must be equal to the 
gravitational force. Thus at a settling velocity, V, the viscous drag force, Fdrag of a 
sphere of radius, r, is given by the following relationship:  
Fdrag = 6πRpVtw = 4πRp
3g(ρp – ρw)/3 = Fgravity                                                      (2.1) 
Fgravity gravitational force, µw is the viscosity of water and the density difference 
between particle and water is (ρp – ρw). Using the relationship from Equation 2.1, if 
we assume a particle-water difference of + 0.1g cm
-3
, we obtain the following results,  
Table 2.1. Settling velocities of a particle with a density of 1.1g cm
-3
 with varying 
radii ranging from 10 nm up to 10 µm. Table taken from Pashley et al. 2004. 
Rp (µm) 0.01 0.1 1 10 
V (cm s
-1
) 2 × 10
-9
 2 × 10
-7
 2 × 10
-5
 2 × 10
-3
 
 
Considering the two forces (gravitational and viscous drag force) small particles will 
take a very long time to settle, therefore a dispersion of very fine particles denser 
than water will be stable almost indefinitely. However, each fine particle will have a 
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kinetic energy independent of size. Brownian motion of these particles gives rise to 
particles colliding with each other and thermodynamically encourages them to 
aggregate and or coalesce. The forces of attraction in lyophobic colloids are known 
collectively as van der Waals forces. (Blackley, 1997). To prepare stable polymer 
colloids it is necessary to introduce interactions between particles that oppose the van 
der Waals attraction (Cosgrove, 2002). There are two recognised mechanisms that 
give rise to stability to the dispersed phase; these are (i) the formation of an electrical 
double-layer by adsorbed surfactant molecules, which ionise in water, at the polymer 
particle surface and (ii) the adsorption of neutral material at the particle surface that 
induces steric stabilisation. (van der Ven, 1989; Murrell & Jenkins, 1994; Bentley & 
Turner, 1997). 
2.1.2. Electrostatic forces 
 
The stabilisation of polymer colloids by electrostatic forces is of great importance to 
latexes. The stability of the latex depends on the balance between the attractive van 
der Waals forces and the repulsive electrical double layer interactions. Latexes can 
be stabilised by an anionic surfactant molecules adsorbed at the surface of the 
particles. 
These are repulsive forces which arise from the presence of electric charges bound at 
the surface of particles. When we have a colloidal particle with a charged surface, 
there is always an equal and opposite charge in the solution. The primary cause of 
repulsion is the counter-charge in the form of a counter ion cloud surrounding each 
particle. At large inter-particle separations the charge carried by the particle is 
surrounded and effectively neutralised by the counter-ion cloud. As two particles 
approach each other the counter-ions are caused to interpenetrate and this process 
causes a repulsive force as the two counter-ions have the same polarity. (Blackley, 
1997)  
There are two principal mechanisms by which electric charges are bound at the 
surface of latex particles which are; adsorption of ions from the dispersion medium 
on to the surface of the particles, and the other is ionisation of chemical groupings 
which are bound to the particle surface by covalent bonds. The majority of latexes 
are anionic, either by the presence of adsorbed or bound ions or both. 
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2.1.3. Stern-Gouy-Chapman model of Electrical Double layer 
 
An electric double layer surrounding the particles in the latex which comprises of 
surface-bound electric charges and the equivalent amount of electric charge present 
elsewhere in the latex preserve electrical neutrality. The solvent (water) will contain 
ions of the same polarity called co-ions and those of the opposite polarity called 
counter ions. There is a tendency for counter-ions to be attracted to the surface of the 
charged particle and the co-ions to be repelled as depicted in the Stern-Gouy-
Chapman model in Figure 2.2. (Blackley, 1997; Cosgrove, 2002; Goodwin, 2004). 
 
 
Figure 2.2.  Illustration of the model of the electrical double layer at the surface of a 
colloid particle. (Adapted from Goodwin 2004) 
 
The aqueous layer surrounding the particle exists as two parts; an inner region (Stern 
layer) where the counter-ions are strongly bound to the surface of the charged 
polymer and an outer layer (diffuse or Gouy-Chapman layer) where ions are less 
Negatively charged surface 
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firmly associated. In the Gouy-Chapman layer, the balance of counter-ions is present 
as a diffuse cloud in which the counter-ions are free to move due to thermal motion 
and electrostatics and electrostatic forces between the various ions, bound and free in 
the system. (Hunter, 1981; Blackley, 1997). General assumptions made are that; 
1. the Stern layer is effectively part of the particle; 
2. counter-ions present in the Stern layer reduce the effective surface charge 
density and consequent surface electric potential and also increase the 
effective size of the particle slightly; 
3. of the two regions of the electrical double layer, only the diffuse part is 
capable of conferring colloidal stability upon the dispersion; 
4. when the particle moves relative to the aqueous medium, slippage between 
the particle and the aqueous phase occurs at the boundary between the Stern 
and Gouy-Chapman layer. 
The interaction energy, Uelec between two like sphere particle is given by; 
 HRUelec   exp2
2
0   ……………………………………(2.2) 
where, ε and ε0 are the permittivity of the medium and free space, respectively, ψ is 
the potential at the particle surface, and κ is the inverse of the Debye length and H is 
the inter-particle separation. 
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Figure 2.3. Local ion concentration profiles: initial surface potential, ψ(0) = -30mV, 
in 10
-3
 mol dm
-3
 NaCl. (Image taken from Goodwin 2004). 
 
2.1.4. Steric Stabilisation 
 
There are some conditions in practice whereby electrostatic stabilised latexes are not 
sufficient. For example, in conditions where there is a high concentration of 
electrolyte the latex tends to lose it stability and particles will start to aggregate. An 
important mechanism for establishing colloidal stability is by steric stabilisation 
which involves covering the colloidal particle with a dense polymer layer. 
(Cosgrove, 2002). This is achieved by attaching macromolecules to the surfaces of 
the particles. The stabilisation is due to the adsorbed layers on the surface of the 
dispersed particle. If the outer surface of is hydrophilic, water molecules are 
adsorbed and swell the surface and if this layer is thick enough, the particles will not 
be able to approach each other close enough to flocculate (See Figure 2.4). (Ottewill 
1997). Steric stabilisation can be used in stabilising latexes against coagulation 
during freeze-thaw conditions. 
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Figure 2.4. Principle of steric interactions of the adsorbed polymer on the surface. 
(Ottewill, 1997). 
2.1.5. DLVO theory 
 
The DLVO theory, known after work by Derjarguin, Landau, Verwey, and 
Overbeek, deals with the stability of colloidal systems. The stability of latexes 
depends on the sum of the attractive van der Waals forces and the electric double 
layer repulsive forces. A typical result is shown by Figure 2.5, where the van der 
Waals potential dominates at very small particle separations. The electrostatic 
repulsion acts over a longer range than the van der Waals attraction and the total 
potential contains a repulsive part. It is apparent why the addition of salt to a charge 
stabilised colloidal dispersion will result in the aggregation of particles. Aggregation 
can lead to flocculation or coagulation and unlike flocculated particles, coagulated 
particles are difficult to separate. Flocculation is the reversible aggregation that 
occurs in a secondary minimum and particles are normally separated by a process of 
deflocculation, by means of agitation, or mechanically shaking or stirring the latex. 
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Coagulation is the rapid aggregation that occurs in the absence of the primary 
maximum.  
 
 
Figure 2.5. Schematic diagram of the component potentials of the electrostatic 
repulsion and van der Waals attraction combine to give an overall interaction 
potential. Image taken from (Keddie and Routh 2010). 
 
2.2. Emulsion Polymerisation 
 
Emulsion polymerisation is a type of radical polymerisation that usually starts with 
an emulsion incorporating water, monomer (e.g. methyl methacrylate), surfactant 
(e.g. Dioctyl sodium sulfosuccinate often referred to as DSS and also sold by Cytec 
under the trade name Aerosol
®
) and a water soluble initiator (e.g. ammonium 
peroxydisulfate, APS) Emulsion polymerisation has been developed into a widely 
used technique for production of synthetic latexes since its first introduction on an 
industrial scale in the 1930s. Millions of tonnes of synthetic polymer latexes are 
produced by emulsion polymerisation in a wide variety of applications, such as: latex 
paints, high impact polymers, pressure sensitive adhesives (PSAs), paper coatings, 
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inks, latex gloves, textiles and carpet backing. The major developments in emulsion 
polymerisation started around World War II with the success of the industrial process 
of manufacturing synthetic rubber needed for products used during the war (El-
Aasser & Sudol, 1997). There has been a growing trend in the application of latexes 
in medical uses such as: drug delivery systems, biological cell-labelling and many 
other applications. 
Latex can be defined as a colloidal dispersion of polymer particles usually a few 
hundred nanometres in diameter, dispersed in an aqueous medium stabilised by a 
surfactant (Gilbert, 1995; Keddie & Routh, 2010; Tadros, 2010). 
The overall description of emulsion polymerisation is that it is heterogeneous from 
the beginning to end. When the monomers are mixed into the water-surfactant 
solution, the surfactant molecules cluster into micelles (See Figure 2.6) with their 
hydrophobic cores swollen with the monomer. The micelles diameter are typically 
around 5 - 15 nm (El-Aasser and Sudol 1997), and number density of around 10
18
 
dm
-3
. The bulk of the monomer droplets are large with surfactant molecules adsorbed 
on their surfaces and with diameters ranging from 1 – 10 µm and their number 
density is on the order of 10
9
 – 1011 dm-3. Upon the addition of the initiator (e.g. 
APS), radicals are formed in the aqueous phase at a rate of 10
16
 – 1018 radicals dm-3 
s
-1
. These radicals formed may then propagate in the aqueous phase to form 
oligoradicals by adding monomer molecules dissolved in the aqueous phase. Particle 
nucleation begins at this stage by forming polymer particles which swell with 
monomer by diffusion of monomer from the large monomer droplets. These 
monomer swollen polymer particles become the main sites for propagation and 
therefore particle growth. The monomer reservoir drops get slowly consumed and 
when all the surfactant is adsorbed on the surface of the growing particles, no 
formation of new particles occurs. The surfactant molecules adsorbed on the surfaces 
also maintain colloidal stability, by preventing flocculation of latex particles. When 
all monomer is polymerised then the polymerisation process is completed. The final 
product consists of the surfactant stabilised polymer particles dispersed in the 
aqueous phase. (El-Aasser and Sudol 1997, Eliseeva et. al. 1981).  
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2.2.1. Harkins and Smith-Ewart theory of emulsion polymerisation 
 
The first successful theory to explain the distinct features of emulsion polymerisation 
was by Harkins in 1947 (Harkins, 1947) followed by various quantitative treatments 
by Smith and Ewart in 1948 (Smith, 1948) with further modifications by other 
authors. (El-Aasser and Sudol 1997) Figure 2.6 illustrates the various species which 
are believed to take part in the polymerisation mechanism. According to Harkins’ 
theory, emulsion polymerisation is divided into three intervals encompassing the 
particle formation stage, Interval I, and particle growth stages Interval II and III. In 
Interval I, both the polymerisation rate and particle number increase with time and its 
end is signified by the disappearance of micelles which are the main source of 
nucleation. During Interval 2, the number of particles remains constant and the 
monomer droplets provide the growing polymer particles with the required monomer 
to maintain saturation swelling and support propagation reaction. The molecular 
weight of these chains is high; of the order of 10
6
g/mol. The particles have been 
growing up to this point in the presence of monomer droplets to replenish consumed 
monomer. The polymerisation rate during this stage is considered to be constant. 
During Interval 3, all the monomer in the droplets is consumed and the only 
monomer left in the system is now in the particles. As propagation continues, the 
monomer is consumed and the weight fraction of the polymer in the particles 
increases. The viscosity inside the particles increases and so the rate of termination 
decreases. As the rate of termination decreases, the number of radicals per particle 
increases.  
Eventually, virtually all monomer is consumed and the polymerisation is complete. 
The particle size is relatively monodisperse, with high average molecular weight of 
the order of 10
6
, and a broad distribution of chain lengths (molecular weight 
distribution). 
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Figure 2.6. Schematic diagram of emulsion polymerisation (Adapted from Lovell 
and El-Aasser 2007) 
Emulsion polymerisation is widely used in industry mainly because of the following 
reasons;  
 The heat generated by the exothermic free-radical polymerisation process can 
be readily absorbed by water since water has a high heat capacity, and 
dissipated by the aqueous phase, if necessary using reflux condensation. This 
means that few restrictions are required to prevent overheating of reactors as 
the polymerisation can be conducted at relatively low temperatures (at room 
temperature and up to around 80 °C. 
 The polymer is formed as a latex rather than a solid which means it can be 
handled much more easily. A film-formed polymer can be achieved by 
evaporation of water such as when a latex paint is applied onto a substrate. 
 The process itself and the resulting polymer latex is based on water rather 
than a volatile organic solvent which minimises safety and environmental 
hazards. 
 Since the polymer molecules are contained within the particles the viscosity 
can remain close to that of water and not independent of molecular weight. 
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There a few drawbacks with the emulsion polymerisation process, notably; 
 The process generally contains a large number of additives and these may 
impair the quality of the final product. For example it is difficult to remove 
initiator decomposition products and residual surfactant. 
 The heterogeneous nature of the polymerisation adds some complications due 
to partitioning of various ingredients between phases, and the mechanisms are 
extremely complex and hard to understand and hence to control. (Gilbert, 
1995; Eliseeva et al., 1981).  
In commercial practice, the use of emulsion polymerisation for production of latexes 
is usually carried out in stirred reactors operated semi-continuously. Continuous 
reactors are used for production of high-tonnage emulsion polymers. On the other 
hand batch polymerisation is used to polymerise monomers with similar reactivity 
ratios and low heat generation, such as acrylic fluorinated copolymers for textile 
applications. 
 
2.2.2. Batch emulsion polymerisation 
 
In batch emulsion polymerisation, the monomers are dispersed in water-surfactant 
solution. The surfactant molecules adsorb on the surface of the monomer droplets 
stabilising them. They can be stabilised by ionic or non-ionic surfactants; ionic 
surfactants stabilise by electrostatic repulsion and non-ionic surfactant stabilise by 
steric stabilisation. Since all reactants are completely added on the outset, there are 
little variables that can be introduced for a given formulation and mainly find use in 
academic studies and evaluations of reaction formulations. The only significant 
changes which can be made are the reaction temperature, design of the reactor and 
the type and speed of agitation to the emulsion polymerisation. 
 
2.2.3. Semi-batch and continuous emulsion polymerisation 
 
In semi-batch process (also known as semi-continuous batch process), the reactor is 
charged with a fraction of the formulation (i.e. water, surfactant(s), initiator, 
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monomers), then the rest of the monomers and or surfactant are then fed 
continuously until the polymerisation process is complete. This process is known as 
semi-continuous polymerisation under monomer starve-fed conditions. In continuous 
polymerisation process, the whole formulation is continuously fed into the reactor 
and the polymerised product continuously extracted. (Lovell & El-Aasser, n.d.; 
Barandiaran et al., 2007; Wicks Jr et al., 2007). 
 
2.3. Overview of Latex Film Formation 
 
The mechanism of latex film formation has been of interest to the various coatings 
application industries such as in paint and pressure sensitive adhesives. As with 
increasing pressure to lower VOC emission in coating products there has been a 
movement towards the designing of latex systems with lower or no VOCs. The film 
formation process is very important in industry, since most of the applications of 
polymer latexes require the formation of a continuous (porous-free) film with high 
mechanical strength, toughness, adhesion properties, durability or dirt pick-up 
resistance. In this process, the particles must deform into space-filling polyhedral and 
there must be sufficient adhesion between them that the film acquires the desired 
properties. 
The mechanism of latex film formation has been studied extensively since the 
success of the first industrial production of latex in the 1940s by the Gidden 
Company. (Keddie, 1997). Upon drying, some of the latexes form transparent 
continuous films above their minimum film formation temperature, MFFT (also 
known as MFT). From this observation, MFFT can therefore be defined as minimum 
temperature at which a latex cast on a substrate form a continuous and clear film. 
Below MFFT, the latex remains opaque, powdery and cracked. The process of latex 
film formation can be generally described in three consecutive major steps (See 
Figure 2.7) Firstly, the evaporation of water brings the particles close together to 
form a dense array. This stage is usually characterised by constant evaporation of 
water, which is equal to the evaporation of free water for an aqueous solution of 
electrolytes and emulsifiers with the same concentrations. This is followed by a 
second stage, whereby the continuation of evaporation leaves voids within the 
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interstitial boundaries of the particles. If the temperature, T is above the minimum 
film formation temperature and the forces accompanying drying exceed the modulus 
of the particles of the particle will deform to fill in the voids left by the evaporation 
of water, into a polyhedral structure (Winnik, 1997). There might be some residual 
water which can evaporate through the polymer phase. Finally, in stage three, a 
homogeneous, coherent film is produced by coalescence and inter-diffusion between 
the polymer particle boundaries. This usually occurs if the film forming temperature 
is above the glass transition temperature, Tg (Keddie et al., 1995). 
 
 
Figure 2.7. Schematic view of the formation of a continuous film produced by water 
evaporation from a latex. In the first stage, water evaporates from the latex until the 
particles are in close-contact. In the second stage continued water-loss will lead to 
the particles deforming into a polyhedral structure if the temperature is higher than 
the minimum film formation temperature, MFFT. In the final stage, particles 
coalesce, when the temperature is above the Tg of the polymer particles. 
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The nature of the forces involved in the particle deformation stage of film 
formation has been discussed in literature and the main theories are as follows. 
Coalescence of polymer particles in drying latex is mainly due to capillary forces as 
stipulated by Brown in 1956, as the particles become partially exposed to the air 
(Brown, 1956). Capillaries of water are formed in the spaces between the closely 
packed particles and capillary forces compress them to coalesce. (Dobler et al., 
1993). An attempt to quantify Brown’s theory experimentally was made later by 
Brodnyan and Konen (Brodnyan & Konen, 1964). Voyutskiĭ postulated that the 
water-air interfacial tension (surface tension of the water) and capillary forces cannot 
account for the for the final physical properties observed in latex films. (Voyutskii & 
Ustinova, 1977). The mutual inter-diffusion of the polymer particles across their 
boundaries in dried films, called autohesion is responsible for physical properties of 
dried film. It is often observed that the physical film properties improve with aging at 
temperatures above Tg. (Bradford & Vanderhoff, 1966). This theory of autohesion 
best describes further coalescence of particles in the final stages of drying, stage III. 
Another important deformation theory by Sheetz was proposed. During drying of a 
latex, a thin layer of coalesced particles at the surface of latex creating a thin 
membrane or “skin” which slows down the evaporation of the remaining water from 
the latex (Dobler et al., 1993).  
Further to the models mentioned before, new developments are in the 
literature. One of the recent and comprehensive models by Routh and Russel for 
uniform drying has been used by several authors to study the drying mechanisms of 
latexes. Routh and Russel presented a comprehensive model by which many results 
of the earlier film formation studies can be explained (Chen et al., 2011) According 
to the Routh and Russel model different drying and particle deformation regimes can 
be predicted for uniform or non-uniform drying by determining two dimensionless 
parameters Pe (Peclet number) and   (Routh & Russel, 1999; Routh & Russel, 
2001). ,is the ratio of the characteristic time for particle deformation, 
def  to the 
characteristic time of drying, 
dry and Pe is ratio of the characteristic time of polymer 
diffusion, 
diff  to the characteristic time of drying, dry . This model is the main focus 
of this study was explored experimentally as will be discussed in the chapters to 
follow. 
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2.3.1. Stages of Film formation 
 
Stage I – Evaporation of water and particle ordering 
At the beginning of film formation process the polymer particles are at their most 
mobile phase due to their characteristic Brownian motion. The water concentration is 
uniformly distributed throughout the drying latex. During the first stage (Stage I), 
water evaporates at a constant rate close to that of an electrolyte water solution. 
(Bradford & Vanderhoff, 1966). The main driving mechanism is the temperature and 
vapour pressures of the water surface which is related to the humidity. In the second 
stage (Stage II), the particle deform into a polyhedral formation to fill in the void left 
by the continued water-loss. This study is interested in what happens at this stage as 
the mechanisms of water loss from latex dispersions are surprisingly complex due to 
the inhomogeneity nature of latex systems. It is this stage of the film formation 
process that is least understood (Winnik, 1997). 
Stage II – Particle deformation 
The transition from Stage I to Stage II is characterised by a significant drop in the 
evaporation rate of water in the latex. It is generally accepted that the particles have 
reached a close packing but not yet deforming. Continued evaporation allows the 
particle to fill the void left by the water and this can lead to particle deformation as 
long as the drying temperature, T > MFFT of the dry polymer. If T < MFFT it is 
expected to be opaque and powdery (Keddie & Routh, 2010). At this stage the 
interfaces between particles boundaries are still present. Particle deformation leading 
to coalescence was of interest of this study and was investigated by atomic force 
microscopy, AFM. 
Stage III – Coalescence and inter-diffusion 
At temperatures above Tg, the particle the particles coalesce and inter-diffusion 
between the particle boundaries occurs. This final stage is usually characterised by a 
plateau in the weight loss measurements as virtually all the water has evaporated 
from the latex film. Coalescence, which is the disappearance of boundaries between 
polymer particles in contact, permits inter-diffusion of the polymer molecules of the 
particles leading to the reduction of the total surface area. 
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2.3.2. Driving forces for particle deformation and coalescence 
 
Wet sintering – the driving for particle coalescence is driven by the surface tension 
between the particles and water, 
pw .In wet sintering the particles should deform in 
the presence of water, even at temperatures below the Tg of the dry polymer as 
Dobler et al found (Dobler et al. 1993).  
Dry sintering – the polymer-air surface tension provides the driving force for 
particle deformation and coalescence takes place in the absence of water. For dry 
sintering to occur the water recedes before the particles are allowed to deform and 
particle deformation occurs when the temperature is above the Tg of the polymer. 
The coalescence of particles is also temperature dependant. (Routh and Russel 2001) 
Capillary deformation: - Brown hypothesised that the air-water interfacial tension 
dominates particle deformation. As the water evaporates, the curvature of the air-
water interface because of the presence of particles gives rise to a large negative 
pressure in the fluid. The forces overcome the resisting forces dictated by the shear 
modulus, G of the polymer particles. (Brown 1956) 
Receding water front: - Keddie and co-workers identified this inhomogeneous 
regime whereby deformation is initiated by capillary forces. As the water recedes 
through the film, leaving dry particles behind the deformation mechanism switch to 
either dry or moist sintering. (Keddie et al., 1995).  
Sheetz deformation: - the previous models assume a level of homogeneity in the 
vertical height of the film. If evaporation is fast enough that the particles collect first 
near the air-latex interface before the particles close to the substrate reach close 
packing, a skin might form at the top of the latex, hindering evaporation of the 
residual water. Sheetz’s model postulated that diffusion of water through this skin 
causes a large osmotic pressure in the fluid below generating compressive force 
normal to the film. Routh and Russel offer an alternative explanation which is that 
the skin slows down the evaporation rate considerably, allowing more time for wet 
sintering. (Routh & Russel 2001) 
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2.4. Routh and Russel model for normal drying 
 
As mentioned before, according to the Routh and Russel model, different drying and 
particle deformation regimes can be predicted for uniform or non-uniform drying by 
determining two dimensionless parameters Pe (Peclet number) and 

  (Routh and 
Russel, 1999, 2001).

 , is the ratio of the characteristic time for particle deformation, 
def  to the characteristic time of drying, dry and Pe is ratio of the characteristic time 
of polymer diffusion, 
diff  to the characteristic time of drying, dry .  
Peclet number (Pe) and ; 

  
The Peclet number can be used to predict the vertical water uniformity of latex 
during drying. If particle diffusion is slow then accumulation of particle is expected 
as the water evaporates and conversely, if particle diffusion is fast enough in relation 
to evaporation then a uniform vertical profile is expected as the particles have 
sufficient time to move around towards the bottom of the film without accumulating 
at the top (As illustrated in Figure 2.8).  
And the ratio of the two characteristic times defines the Peclet number, Pe as 
0D
EH
Pe

                                                                                          (2.3) 
Where H is the initial film thickness, 

E is the evaporation rate (expressed as a 
velocity), and D0 is the diffusion coefficient of the particles. 
For colloidal particles, the Stokes-Einstein diffusion coefficient is given by 
pR
kT
D
6
0                                                                                        (2.4) 
 
Where µ is the viscosity of the solvent and kT is the thermal energy and Rp is the 
particle radius. (Keddie and Routh 2010) and substituting D0 into Equation 2.3 we 
get 
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kT
EHR
Pe
p


6
                                                                                    (2.5) 
 
 
Figure 2.8. Schematic representation of the uniform drying when Pe << 1 and non-
uniform drying when Pe > 1. Case A, particles diffuse fast enough to avoid 
accumulation at the top of the film. Case B, particles accumulate at the top of the 
film because the diffuse slowly. 
  
We can therefore conclude that according to Equation 2.5 the Pe number is 
proportional to the particle size, viscosity of solvent, the initial film thickness and the 
evaporation rate and inversely proportional to the temperature. So in theory one can 
predict uniform drying if everything else is kept constant and the temperature is 
increased. However increase in temperature affects the evaporation rate by increasing 
it unless the vapour pressure of water has reached equilibrium with that of the water 
in the latex. Therefore, the Peclet number alone is not enough to predict the 
deformation mechanism of drying latexes as its dependency on temperature makes it 
complicated. 
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Dimensionless parameter,   
As stated earlier, the Routh and Russel model predicts different drying and particle 
deformation regimes can be predicted for uniform or non-uniform drying by 
determining two dimensionless parameters Pe (Peclet number) and   (Routh and 
Russel, 1999, 2001). 

 ,is the ratio of the characteristic time for particle deformation, 
def  to the characteristic time of drying, dry and can be written as  
dry
def


                                                                                                     (2.6) 
Where 
def is given by 



p
def
R
       
Where, η = zero shear rate polymer viscosity and γ is the interfacial energy for the 
polymer-water or polymer-air interfaces and 
dry  can be expressed as; 


E
H
dry  
And substituting for 
def  and dry  into Equation 2.6; 
H
ER




                                                                                                  (2.7) 
The dimensionless parameter,  depends mainly on the viscosity of the polymer and 
the viscosity of the polymer is related to the temperature. The majority of polymer 
systems obey the relationship between their viscosity and temperature as represented 
by an empirical equation known as the Vogel-Fulcher law. This can be expressed in 
terms of Tg by the following relationship; 
 











g
g
g
TT
TT
T
80
34
exp)(                                                                        (2.8) 
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Where ηg is the viscosity at T = Tg . Increasing the temperature by a few degrees 
above the Tg lowers the polymer viscosity by several orders of magnitude as shown 
in Figure 2.9 on experimental data on polyisobutylene with a Tg of -53 
o
C. The 
values 34 and 80 are constants that describe acrylates and not all polymers. (Strobl 
1997). 
 
Figure 2.9. Temperature dependency of the viscosity η0 of polyisobutylene (PIB). 
The viscosity corresponds to the Vogel-Fulcher function. Above its Tg (Tg = -53 °C) 
the viscosity falls from 10
13
 Poise by several orders of magnitude with a rise as small 
as 10
o
C. (Figure taken from Strobl) (Strobl, 1997). 
The Routh and Russel dimensionless parameter,   determines the type of 
deformation valid during the drying process and identified by four main regimes as 
shown in Figure 2.10. 
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1.   < 1 – the polymer viscosity is low by several orders of magnitude and wet 
sintering occurs when deformation is slow and is driven by the surface tension 
between the particles and the water, 
pw . 
2. 1 <   < 102 – Capillary deformation occurs as it is driven mainly by capillary 
forces. 
3. 102 <   104 – Inhomogeneous regime between capillary and dry sintering 
described as receding water front 
4.   > 104 – whereby dry sintering dominates. The driving forces are surface 
tension between the polymer and air. 
 
Figure 2.10. Regions defining skinning, homogeneous and inhomogeneous 
deformation of drying latex. Routh-Russel theory of the deformation mechanism as a 
function of the dimensionless parameters, λ and Pe. It is assumed that the various 
surface tensions, γ are related by a numerical constant. Adapted from Routh and 
Russel (Routh and Russel 2001). 
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3. Experimental procedures 
3.1. Synthesis of Latexes with different glass transition 
temperatures 
 
Several latexes were made with different monomer ratios with calculated Tgs using 
the following Flory-Fox’s relationship for copolymers; 
2
2
1
11
gggc T
W
T
W
T
          (3.1) 
where, Tgc is the resultant Tg for the copolymers and Tg1, Tg2, W1 and W2 represent 
the Tg and weight fraction of polymer 1 and polymer 2 respectively. MMA has a Tg 
of 378K and BA of 219K. (Wicks 2007) 
The initial set of latexes is shown in Table 3.1 
Table 3.1. Latexes synthesised with different monomer weight ratios of MMA and 
BA. 
Monomer weight ratio 
(MMA:BA) 
Tg in °C (by Fox Eq.) 
40:60 -10 
45:55 -4 
50:50 4 
55:45 12 
60:40 20 
65:35 28 
70:30 38 
75:25 47 
80:20 58 
 
Most latexes used in the coatings industry contain various amounts of carboxylic 
acid and are commonly neutralised to a pH ~ 9. Tsavalas and Sundberg showed that 
a form of the Flory-Fox equation can be used to predict the hydroplasticised state of 
copolymers in exceptional agreement with direct experimental measurement. For 
water as a plasticiser one only needs to know its concentration in the swollen 
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polymer and the Tg for water itself. (Tsavalas and Sundberg 2010). Therefore the Tg 
of a wet latex varies with the weight fraction of the water in the latex and can be 
predicted using the Flory-Fox equation. 
 
Synthesis of acrylic latexes by emulsion polymerization. Several latexes with 
similar average particle sizes and different glass transition temperatures (Tg) were 
synthesized using semi-continuous emulsion polymerization under monomer-starved 
conditions on a 1 kg scale. A 2 L reaction flask equipped with a condenser, nitrogen 
inlet, thermocouple linked to an electronic temperature controller and heating mantle, 
and anchor stirrer were employed and a schematic representation also shown in 
Figure 3.1. All ingredients in the formulation were kept the same in all 
polymerisation reactions with the exception of the monomer ratio, which was used to 
adjust the polymer Tg . An example of the formulations used for latexes A1 –A4 is 
shown in Table 3.2. 
 
 
Figure 3.1. Schematic representation of the emulsion polymerisation experimental 
setup. 
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Table 3.2. Formulation used for the synthesis of latexes, A1 – A4. 
Sample ID A1 A2 A3 A4 
Recipe 
 
DDI water (g) 590 590 590 590 
DSS (g) 10 10 10 10 
MMA (g) 68 120 160 200 
BA (g) 332 280 240 200 
APS (g) 2 2 2 2 
 
The surfactant and 560 g of water were charged to the reaction flask (with stirrer, 
nitrogen and cooling water turned on), which was then placed in a thermostatically-
controlled heating mantle and allowed to reach the reaction temperature of 80 ºC. 
MMA and BA monomers with a combined mass of 400 g were mixed and then 1.25 
wt.% of this monomer mixture was added to the reactor over 3-4 min. via a 
peristaltic pump (Watson Marlow 1011U/R) while stirring at 250 rpm. A solution of 
APS was added to initiate the polymerization. The reaction was left for 5 min. (the 
seed stage), after which the remaining monomer was added via a peristaltic pump 
over the duration of 4 h. On completion of the monomer feed, the reaction was left 
for an hour under the thermostatically-controlled heating mantle to complete 
conversion of monomers. The heating mantle was removed and the reaction was left 
until the exotherm had decayed, after which the latex was cooled to room 
temperature and filtered using an 80 m mesh. The average particle diameters and 
dispersity index, D  were determined by dynamic light scattering, using a Malvern 
Zetasizer Nano S, and the solids weight fractions were determined by gravimetry. 
Mid-point Tg values of the dried polymer were obtained by DSC analysis 
(NETZSCH DSC 200F3) at a heating rate of 20 °C/min. The physical characteristics 
for a series of four latexes with differing Tg values are listed in Table 3.3. The mean 
particle sizes are nearly the same for the four latexes in the series. 
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Table 3.3. Latex physical characteristics. When the weight ratio of BA increases the 
Tg of the copolymer decreases. 
Latex Monomer weight 
ratio (MMA:BA) 
Particle size, 
2Rp (nm) 
D  Tg (°C) 
by DSC 
Solids content 
(wt. %) 
A1 17:83 63 0.08 -22 39.6 
A2 30:70 60 0.09 -11 38.7 
A3 40:60 71 0.03 4 39.0 
A4 50:50 66 0.12 19 39.4 
 
 
3.2. Synthesis of monomodal latexes with similar Tg and different 
particle sizes 
 
One-pot synthesis of larger particle size dispersions 
The strategy for synthesising latexes with larger particle size, latex B4 was carried 
out by changing the relative amounts of water and monomers, and by adjusting 
surfactant and when it was added. To synthesise even larger, seeded emulsion 
polymerisations were carried out by using 100g of latex B4 as the seed and then 
feeding emulsified monomers over 3 hours.  
Latex B4 were prepared by semi-continuous emulsion polymerisation under 
monomer starved conditions. A 2litre reaction flask with a condenser, nitrogen inlet, 
thermocouple linked to an electronic temperature controller and heating mantle, and 
an anchor stirrer was employed. A series of latexes were made using monomers of 
BA and MMA (used as supplied by Acros) and formulation shown in Table 3.4. 
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Table 3.4.  Formulation used for the emulsion polymerisation process for larger 
particle size latexes. This particular formulation was used to synthesise the latex B4 
with an average particle size of 140 nm. 
Stage Material Amount (g) 
Seed stage 
Distilled water 200 
Aerosol OT-75 4 
Methyl methacrylate 80 
Butyl acrylate 120 
Feed Stage 
Distilled water 360 
Aerosol OT-75 6 
Methyl methacrylate 80 
Butyl acrylate 120 
Initiator 
charged 
Ammonium persulfate 2 
Distilled water 30 
 
The one pot synthesis proved capable of producing particle sizes as large as 178 nm.  
To produce larger particle sizes, a two pot synthetic process was used. Seed latex 
was prepared using the method in the preceding section. This latex was charged to 
the reaction vessel with some water. The initiator was added and after a short hold, 
the remaining monomer, water and surfactant added as a pre-emulsion. Formulation 
is shown in 
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Table 3.5. 
 
 
 
 
 
 
 
 
Table 3.5. Formulation used for the emulsion polymerisation process for even larger 
particle size latexes. This particular formulation was used to synthesise the latex B5 
with an average particle size of 207 nm. 
Stage Material Amount (g) Notes 
Seed latex 
Distilled water 110  
Acrylic latex (140 nm - 
seed) - Latex B4 
100 38 % SC  
Emulsified 
monomers 
Distilled water 360  
Aerosol OT-75 4 Cytec 
Methyl methacrylate 82 Acros 
Butyl acrylate 122 Acros 
Initiator charged 
Ammonium persulfate 2 Fisher 
Distilled water 30  
 
 
Synthesis of larger particle size latex (Series 2). 
After successful synthesis of latex B4 (average particle size of 140nm) with no 
coagulum, this was used as the seed for the synthesis of next latex, B5 with even 
larger particle size of 178 nm. Three latexes were successfully synthesised (B4 to 
B6) without any coagulum with particle sizes ranging 140 nm to 426 nm shown in 
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Table 3.6 The larger particle size latexes (B5 – B7) produced were at lower solids 
content (~ 28 wt. %). In order to simplify the drying analysis, a rotary evaporator 
(Buchi, Rotavapor® R-210) was used to concentrate them to similar solids content (~ 
38 wt. %) to match the latexes made in Series 1. 
 
 
 
 
Table 3.6. Latexes synthesised with varying particle sizes, solids content (SC) before 
concentration and after (Conc. SC). 
Latex SC 
(wt. %) 
Conc. 
SC 
(wt. %) 
Particle 
size 
(nm) 
Comments 
B4 38 - 140  (Emulsified monomers 
fed) 
B5 28 39 198 (207 
Conc.) 
Seeded B4 to grow 
particles 
B6 26 35 387 (426 
Conc.) 
Seeded B5 to grow 
particles 
B7 27 - Bimodal 
225 (427 
Conc.) 
Seeded B6 to grow 
particles 
 
 
3.3. Thermal and mechanical analysis 
 
3.3.1. Glass transition temperature (Tg) by Differential Scanning 
Calorimetry (DSC) 
 
Thermal transitions are important in characterising polymeric materials and a 
technique commonly used is called differential scanning calorimetry (DSC). DSC 
measures the energy absorbed (endotherm) or produced (exotherm) as a function of 
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time or temperature. The DSC was used to determine the glass transition temperature 
(Tg) of the latex.  
The latex samples were cast in a Petri dish with a dry thickness of around 100µm. 
The scans were done on dry samples (dry time minimum 48hrs at room temp of 23
o
C 
& relative humidity of 38%), on a ramp cycle (Cool to Heat) at a cooling and heating 
rate of 10
o
C/min and then at 20
o
C/min using a TA instrument DSC Q1000. 
Temperature range was -60 to 100
o
C. The analysis on the data was performed using 
the software TA Universal Analysis. 
The Tg value for the copolymers can also be estimated from the knowledge of the 
weight fraction of each monomer and Tg of the homopolymer, according to the Fox 
equation. In our copolymer of MMA-BA, the expression is as in the equation 3.2 
derived from equation 3.1. 
gMMAgMMAgBA
BA
gMMA
MMA
gBA
BA
gc TTT
W
T
W
T
W
T
1111









                                     ( 3.2) 
From the Tg results in table 2.3, a plot of 1/Tgc versus WBA and an linear correlation 
as predicted by equation 2.2 is obtained. 
 
Figure 3.2. Plot of 1/Tgc (in 1/K) vs. weight fraction of BA in our copolymers of 
MMA-BA as determined by DSC. 
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For the copolymerisation of BA and MMA, the composition of the copolymer chain 
depends on the ratio of the monomer mixtures and the monomer reactivity ratios.  
 
3.3.2. Polymer Rheology  
 
Shear flow viscosity. Rheological measurements were conducted using a shear 
rheometer (Ki nexus Pro+, Malvern Instruments, UK) equipped with two parallel 
plates (top plate 20 mm in diameter). The latex samples were cast and dried in a 
silicone mould in open air at ambient temperature and RH for a minimum period of 
72 h. A dry latex sample (with a Tg = 11 C) of 20 mm in diameter and with a 
thickness of 1 mm were placed between the parallel plates.  The sample temperature 
was first increased to 50 °C to equilibrate the sample thus ensuring effective contact 
with the parallel plates and then reduced to the test temperature. Measurements of 
viscosity, η, were performed in a shear flow experiment with a constant shear rate of 
10
-3
 s
-1
 at two different temperatures of T = 30 ºC and 50 ºC. The viscosity was 
measured over a period of 1h during which time the viscosity approached a plateau 
value, which was used in subsequent analysis. As an independent check on these 
results, oscillatory shear measurements were also performed on the same latex at 
three different temperatures.  The viscosity in the low frequency limit (10
-3
 Hz) 
differed from the plateau viscometer measurements by a factor of two, which is 
within the uncertainty of the measurements.  In the calculations of the   parameter, 
the temperature dependence of the viscosity was modelled using the Williams-
Landel-Ferry (WLF) equation(Williams et al., 1955; Strobl, 1997) with Tg as the 
reference temperature: 
 










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g
g
g
TT
TT
80
34
exp        (3.3) 
where ηg is a pre-factor for that reference temperature. Equation 3.3 was used to 
calculate the viscosity for the other latexes in the series using the same pre-factor. 
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3.3.3. Surface tension.  
 
The surface tension, γ, of the wet latexes was measured by the pendant drop test 
method at ambient temperature and humidity. A 5 ml pendant drop of latex was 
formed at the end of the capillary needle and the images were tracked by a high 
speed video system with adapter and CCD camera (up to 50 images per second 
digitizing speed) and analysed by DataPhysics OCA 35 (DataPhysics Instruments, 
Filderstadt, Germany) using software SCA20. 
 
3.3.4. Softening Temperature by Thermo-mechanical Analysis 
 
Perkin Elmer TMA 7 Instrument was used in measurements of the softening 
temperature of the dried latexes .The latexes were dried in a Petri dish in ambient 
temperature and relative humidity for a minimum period of 24 hours. The samples of 
similar thicknesses of around 1mm were tested using a quartz penetrating probe 1mm 
in diameter. A constant force of 100mN was applied and sample heating rate of 
5
o
C/min within the temperature range of -10 °C to 70 °C. Five measurements of the 
softening temperature were measured for each of the dried latex sample. 
 
3.3.5. Minimum Film Formation Temperature (MFFT) 
 
The minimum film formation temperature is the lowest temperature at which a latex 
will coalesce when laid on a substrate as a thin film on a metal substrate with a set 
temperature gradient. When this process occurs, in the absence of pigmentation or 
other opacifying material, a clear transparent film is formed. At temperatures lower 
than the MFFT a white, powdery, cracked film results. The MFFT is not the same as 
the glass transition temperature, Tg, although the two are related.  
The latexes were cast onto the substrate of the Rhopoint MFFT Instrument at set 
temperature ranges and left to dry for 2 hrs and the MFFT analysed. A wet film 
thickness of 150µm was used for all the latexes. The MFFT was taken to be the point 
at which a clear transparent crack-free latex film was formed. 
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3.3.6. Particle deformation via Atomic Force Microscopy (AFM) 
 
Sample Preparation 
The latexes were diluted with distilled water to 10% wt. solid content then mixed 
well for 24 hours. 2 grams of each the latexes were then cast on a glass microscope 
slides (50 mm × 25 mm × 1 mm, length, width and thickness respectively) and left to 
dry at room temperature of 22 ±1
o
C and relative humidity of 38%, for a minimum of 
24 hours. Then after drying each sample was cut into four square sections of 
approximately 10 mm × 10 mm using a diamond tipped pen. From each latex (with 
the exception of those that did not film form), only one of the 4 sections is required 
and secured on a circular steel disc panel by use of a double-sided adhesive tape, and 
analysed by the AFM (NTEGRA, NT-MDT). The NSG01 AFM probe (NT-MDT) 
was used. AFM analysis was performed on the original interface with air and images 
recorded simultaneously in the topographic (height) mode and phase mode with 
surface scan area ranging from 10µm × 10µm down to 1µm × 1µm. Images were 
obtained using the tapping mode and parameters that describe the tapping mode have 
been covered in detail in earlier work by Mallégol and co-workers. (Mallégol et al., 
2002). 
All images were captured with an tapping frequency of around 138kHz. 
 
Atomic Force Microscopy (AFM). Latex films were cast onto glass coverslip 
substrates and dried under ambient conditions. AFM was performed in intermittent 
contact mode on a commercial microscope (NTEGRA, NT-MDT, Moscow, Russia) 
using silicon cantilevers (NSG01, NT-MDT), with a spring constant in the range of 1 
– 15 N/m, nominal resonant frequency of 138 kHz, and a tip curvature radius of 10 
nm, to obtain images of latex surfaces in air. Several images of 2 µm × 2 µm areas 
were scanned to obtain topographical height and corresponding phase images. For a 
scan of length, L, tracing across a sample surface, the root mean square (rms) 
roughness is calculated as 
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   dlzlz
L
rms
L
  0
2
0
2 1
       (3.4) 
where  lz is the height as a function of the position, l,  and 0z  is the mean height. 
(Pérez & Lang, 1999; Georgiadis et al., 2011) 
 
 
3.4. Distribution of water via Magnetic Resonance Profiling 
(GARField MR) 
 
Measurements of the distribution of water in the drying latex films in the direction 
normal to the substrate (z direction) were obtained by NMR 
1
H profiling using a 
Gradient At Right angle to the Field (GARField) magnet. The design of the 
GARField magnet has been described elsewhere.(Glover et al., 1999; McDonald et 
al., 2007) The latex sample in a laminated basin was placed horizontally between the 
curved pole pieces above the radio-frequency (RF) coil used to excite and detect the 
NMR signal, as is shown in Figure 1. There is a static magnetic field strength, B0 of 
0.7 T in the horizontal direction parallel to the sample plane and a magnetic field 
gradient strength of 17.5 Tm
-1
 in the direction perpendicular to the sample 
plane.(Bennett et al., 2003) The resonant condition is obtained in the sample volume 
at a spectrometer frequency of 28.4 MHz. The excitation field B1 is produced by the 
RF coil and it is perpendicular to the sample plane. The signal was obtained using a 
quadrature echo sequence: ((90x-τ-90y-τ-echo-τ-)n – RD – )NS(Ekanayake et al., 
2009) and the following settings: the number of echoes, n = 32; a pulse gap of τ = 
74.0 µs; dwell time, DW = 1 µs; the number of points per echo, SI = 128; a repetition 
delay, RD = 2 s; NS = 128 echo trains were recorded and averaged to obtain 
acceptable signal-to-noise ratio. To obtain a profile, the individual echoes in the echo 
train were Fourier-transformed (FT) and then summed, thus giving a NMR signal 
intensity profile as a function of vertical position. The intensity is proportional to the 
density of mobile 
1
H and was therefore used to determine the distribution of water 
through the vertical height of the latex during drying in real-time. The pixel 
resolution in these experiments was equal to ca. 10 m. To correct for the decline in 
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the sensitivity over the film thickness, the profile intensities were normalized by an 
elastomer standard.  
In all experiments, the latex films were exposed to a controlled temperature and RH 
in a simple set-up having two closed spaces of different volumes (Figure 3.3). A 
removable box with a significantly larger volume has an RH value maintained 
constantly at equilibrium with saturated salt solutions (as were likewise used in the 
gravimetric measurements). This box was placed on the top of the magnet and 
connected to a second smaller space that was located between the magnet poles 
surrounding the drying sample. Because of the significant difference in the volumes, 
the small fluctuations of RH during placing or changing the sample are quickly 
equilibrated, thus allowing tight control of RH for the duration of the experiment. 
 
Figure 3.3. Schematic representation of the GARField experimental set-up. The 
diagram on the left (a) shows shaped pole pieces that produce a strong magnetic field 
gradient in the vertical direction Gy and a horizontal magnetic field B0 with a 
constant magnitude in the plane where the sample is placed. The coil placed 
underneath the sample produces an RF excitation field B1. The large box (shown in 
green) controls the RH using saturated salt solutions. The upper right side (b) shows 
a schematic diagram of latex cast on a basin made from a laminated glass cover slip. 
At the lower right (c), a photograph of latex drying in the basin is shown from the top 
view. 
Figure 3.4 shows a schematic representation of what would be expected for different 
drying characteristics in a latex. If there is uniform drying within the vertical height 
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of the film there will be a constant decrease in the intensity of the signal across the 
vertical distance, z in the film. Non-uniform drying is characterised by a gradient in 
the intensity signal through the height of the film and in extreme cases entrapment of 
water can be characterised by a step gradient caused by what is called skin formation. 
 
Figure 3.4. Illustration of data interpretation of GARField MR profiles. The signal 
intensity is proportional to the density of mobile 
1
H. The horizontal axis shows the 
vertical position in the layer. (left-hand side) If the particle distribution is uniform, 
then the profiles are square. When water evaporates, the thickness decreases and the 
water concentration decreases evenly through the height of the film. (centre) If there 
is some particle accumulation of particles near the film surface, then the profile 
slopes downward. (right-hand side) If the particles at the film surface coalesce to 
create a skin layer with water underneath, then there will be a step in the profile. (It is 
assumed here that there is a signal from the 
1
H in the polymer.) (Adapted from Routh 
and Keddie 2010). 
 
In preliminary experiments latexes of similar volume (50 - 80 µL) were cast 
on a glass slide (22 mm × 22 mm) and spread in a circular fashion over a diameter of 
14-18 mm. The difficulty in this was the inconsistency in the thicknesses and surface 
area of the drying latexes therefore making it difficult to compare drying 
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characteristics between latexes. In an attempt to cast latexes with similar initial wet 
thicknesses over the similar surface area, the basin laminate design described earlier 
was used with volumes of 50 and 80 µL to achieved latex wet thicknesses between 
ca. 250 – 450 µm. 
 
Design of the laminated glass slides 
In order to correlate results between different characterisation techniques without 
combining all techniques in one set-up to analyse the drying of films, a laminated 
glass slide design was made that was compatible with all instruments (photograph 
shown in Figure 3.3). A similar design was borrowed from Trueman et al., 2012 
whereby a (Trueman et al. 2012) laminate plastic sheet containing a punched hole 
was adhered to borosilicate glass cover slips to create a cylindrical basin for the wet 
film to dry in. In this case a 19 mm wad punch was used to cut holes in the laminate 
sheet. For all GARField measurements, the wet latexes were cast onto Fisher 22 mm 
  22 mm borosilicate glass cover slips using a Fisher 10-100 µL micropipette to 
measure out the dispersion and the pipette tip to spread it over the surface area of the 
basin. 
Sample Holders for Drying Experiments.  
 
Following the method used by Trueman et al.,(Trueman et al., 2012) drying 
measurements using gravimetry and GARField nuclear magnetic resonance (NMR) 
profiling were performed on thin glass coverslips with a laminated basin. 
Borosilicate glass coverslips (18 mm × 18 mm, obtained from Fisher) were cleaned 
of any contaminants by rinsing with acetone and then placed in an ultraviolet (UV) 
ozone cleaner (Procleaner™, Bioforce Nanosciences) with an emitting wavelength of 
233 nm for up to 15 min.  A wad punch (12 mm diameter) was used to cut holes in a 
laminate sheet that was then attached to the clean glass. A desired volume of the wet 
latexes was cast into the laminated basins using a micropipette (Eppendorf, 10-100 
µL) and spread in the circular area of the basin (113.1 mm
2
). All latexes in our 
experiments were able to film form at the drying temperature (T = 22 ± 1 ºC) as 
observed by eye, meaning the films were crack-free and optically transparent. 
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3.5. Humidity Control 
 
The common methods of controlling humidity accurately are by using either a 
humidity generator or the equilibrium of a closed space with a chemical system 
which produces the desired equilibrium vapour pressure. Air of constant humidity 
can be generated by saturated aqueous salt solutions (Greenspan, 1977). The driving 
force for the solvent (water) transfer in the latex from one phase to another is the 
difference in the solvent chemical potential between the different phases. In our 
study the water chemical potential, ΔΩ, at the air relative humidity condition 
examined is less than that in the latex, hence the drying is achieved until equilibrium 
can be attained.  The water chemical potential can be determined by the water vapour 
pressure in the air, p, by the following relationship; 
)ln(ln HRRT
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
       (3.5) 
Where, Po is the saturated vapour pressure, Rg is the universal gas constant of an 
ideal gas, T is the temperature and RH is the relative humidity. (Alexandridis et al., 
2011) 
 
 
Figure 3.5. Photograph showing a drying latex (Fox Tg = -32 °C) cast into the basin 
design laminated glass cover slip. The drying front moving from the edges of the 
latex towards the centre of the cast latex (image on the right).The basin had a radius 
of 19 mm and a depth of 125 µm. 
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3.6. Combination of speckle imaging interferometry and 
gravimetric analysis 
 
An attempt to investigate the physical meaning of the Fluidity factor was made by 
correlating the interferometry technique with an analytical balance running 
simultaneously. In more recent experiments a digital microscope was used to look at 
a sample drying in parallel to the Horus® (Figure 3.6) and weight-loss 
measurements. The Horus® performs a non-intrusive and objective measurement of 
the drying kinetics of latexes and enables the user to extract reliable characteristic 
times in relation to the drying of paint systems. 
It consists of an optical measurement of the particle motion inside the latex sample as 
a function of time. The particle motion is highest when the latex is initially applied 
on the substrate and decreases due to an increase in viscosity and film coherence.  
Experimental 
Weight loss measurements were performed on an analytical balance, Denver 
Instrument TP-214, coupled to a computer that recorded the weight as a function of 
time. The measurements were carried out simultaneously with the Horus® analysis 
on the same latex, by placing the balance under the Horus® Instrument. The balance 
and the Horus® Instrument were placed in the Binder Environmental control cabinet. 
The environmental cabinet was set at a temperature and relative humidity of 23
o
C 
and 40% and fan speed set at 30% efficiency. The latexes were cast onto the glass 
slides by hand using the draw down applicator giving a wet thickness of 150 
microns. An effort was made to cast latexes of similar wet thicknesses and spread 
over a constant surface area of 2.5 cm × 5.5 cm. Glass housing covers of the balance 
remained closed during the experiment with the exception of the top cover. The data 
was accumulated in situ from both the Horus® Instrument and the analytical balance 
immediately after casting. The environmental control cabinet doors were kept closed 
during the entire experiment. 
A further development to the initial experimental set-up described above was 
developed in-order to design a method of experiments that would allow some 
comparison between data acquired through diffusive wave spectroscopy with those 
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obtained with the GARField magnetic resonance technique. The constraint to the 
design of the substrate was dictated by the limitations of the GARField set-up and 
through this, the basin-laminated glass slide was designed to enable comparison of 
results using the techniques available to us. The control of humidity and temperature 
by use of the environmentally controlled cabinet was also changed to using salt 
solutions enclosed in an environment without flowing air (what will be described as 
“still” air). To control the temperature, the Binder cabinet was switched on and set to 
the target temperature and then switched off when the required temperature was 
achieved to begin an experiment. 
 
 
Figure 3.6.  Shows the film formation analyser that uses the technology called 
Adaptive Speckle Imaging interferometry (ASII). Photograph on the right-hand side 
is of the Horus® instrument and gravimetric analysis experimental set-up carried out 
simultaneously. Both instruments were linked to a computer which acquired the 
drying kinetics and weight-loss measurements in real time. A microscope was also 
installed to take still and video images of the drying latex with time (not shown in the 
image). 
When laser illuminates a sample, the photons penetrate into the sample and are 
backscattered by objects such as particles, droplets, fibres etc. when a video camera 
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is used as detector of the backscattered waves, an interference image called 
“Speckle”. (See Figure 3.7) 
 
Figure 3.7.  Top two images showing the Diffusive wave spectroscopy principle and 
the bottom two images showing the deformation of the speckle pattern caused by 
moving particles in a sample. (Image from Formulaction software help guide, with 
permission) 
 
3.7. Improved Gravimetric analysis set-up 
 
The loss of water from latex films was measured gravimetrically under controlled 
relative humidity and temperature using a digital balance (Mettler Toledo, SAG204) 
with a resolution of 0.1 mg, which was interfaced with a personal computer to record 
the readings. Prior to the measurements, the latexes were diluted with DDI to a solids 
content of ca. 20 wt. %. The balance was placed within an environmental chamber 
for which the relative humidity (RH) was regulated by using saturated salt solutions. 
Target constant RH values of 20, 45 and 73 % were achieved using saturated 
solutions of lithium chloride, potassium carbonate, and sodium chloride, 
respectively. Figure 3.8 shows how the 30 L of latex was cast into the laminated 
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basin and spread over the predetermined surface area of the glass slide. The sample 
mass was recorded every 2 or 5 seconds until there was no significant change in the 
value, indicating the completion of drying. See Figure 3.8 for experimental setup. 
 
Figure 3.8.  Experimental set up of latexes drying under controlled environmental 
conditions. The Binder® cabinet was used to control both temperature and humidity 
before the latex was cast. The cabinet was then switched off to reduce the amount of 
noise interfering with the micro-balance for gravimetry measurements. 
 
Table 3.7. Different salt solutions used in the studies to achieve relative humidities 
and the expected relative humidities from Greenspan under constant room 
temperatures.(Greenspan, 1977) 
Salt Solution (at 23 °C) Achieved (% RH) Expected RH in still air (%) 
LiCl 20 ±3  15 
K2CO3 43 ± 2 43 
NaCl 73 ± 2 75 
 
  
47 
 
4. Correlating particle deformation with water 
concentration profiles during latex film formation 
 
4.1. Introduction 
 
Although film formation is usually described in stages, the sequence of events in the 
structural evolution is continuous and can overlap in time. For instance, there is 
experimental evidence that polymer chain interdiffuse at contact points between 
particles in the presence of water before particle deformation is complete.(Pohl et al., 
2013). The various processes can also influence each other. For instance, polymers 
can be softened by the presence of dissolved water,(Tsavalas & Sundberg, 2010) so 
that the rates of deformation and interdiffusion decrease as drying 
proceeds.(Soleimani et al., 2009). Of interest to this present research, the particle 
deformation and interdiffusion processes during coalescence in a film can have a 
profound influence on the drying process. 
Following decades of debate in the scientific literature, there is a consensus of views 
that one or more mechanism for the deformation of colloidal particles during film 
formation can be operative. Particle deformation can be driven by a reduction of the 
interfacial energy of the particles (Dillon et al., 1951). If the particles are still drying, 
such that they have an interface with water, the process is called wet sintering. 
However, if drying is complete, there is a polymer/air interface, and the process is 
called dry sintering. Additionally, a negative capillary pressure arising from the 
water meniscus between particles compresses the particles in a so-called capillary 
deformation mechanism.(Brown, 1956). Thus, the operative deformation mechanism 
obviously depends on the presence or absence of water.  
4.2. Routh-Russel deformation map 
 
Consideration of the relative times for the two key processes of drying and particle 
deformation is at the core of a model developed by Routh and Russel.(Routh & 
Russel, 1999). They defined a dimensionless control parameter,   , as the ratio of 
the characteristic time for viscous particle deformation, def, to the characteristic time 
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for film drying, dry. When the particle deformation time is short relative to the 
drying time, 
def << dry , then   is small and particles undergo wet sintering. In the 
opposite case where, 
def >> dry , then   is large and particles undergo dry sintering. 
Capillary deformation is predicted to dominate at intermediate values of  . Thus, a 
particular latex can undergo film formation by any number of mechanisms, 
depending on the material properties and film formation conditions that determine . 
From standard sintering models,(Dillon et al., 1951) the characteristic time for a 
particle of radius Rp to deform by viscous flow is proportional to its zero-shear rate 
viscosity, η, which resists deformation, and inversely related to the relevant 
interfacial tension, , which drives deformation. The characteristic time for drying is 
proportional to the thickness, H, of the initial wet film, and inversely related to the 
evaporation rate, 

E . (Here, 

E  is expressed as the velocity at which the water surface 
falls during evaporation.) Following this argument, a definition for   is apparent: 
H
ER
EH
R pp
dry
def








      (4.1) 
The polymer viscosity, η, increases by several orders of magnitude as the 
temperature decreases towards the polymer’s glass transition temperature. Similarly, 
depending on the environmental conditions, e.g. humidity and air flow, 

E  can vary 
by more than an order of magnitude. 
The distribution of particles in the vertical direction of a film (normal to the 
substrate) is an additional factor linked to the operative deformation mechanism. It 
depends on the relative rates of the particles’ Brownian diffusion (which reduces any 
concentration gradients) and evaporation, which accumulates particles near the 
receding water meniscus. If evaporation is more rapid than diffusion, particles will 
accumulate at the air/water interface as the particles are swept up faster than they can 
diffuse away. The relative importance of the two competing processes is described 
by a Peclét number, Pe , which is the ratio of a characteristic time of particle 
diffusion, 
diff  to the characteristic time of drying, dry .(Routh & Russel, 1999) In 
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the dilute limit, the diffusion coefficient of a spherical particle in a liquid with a 
viscosity, µ, is given by the Stokes-Einstein equation as 
p
o
R
kT
D
6
          (4.2) 
where k is the Boltzmann constant and T is the temperature. Then Pe is then written 
as 
kT
EHR
D
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.     (4.3) 
Experiments (Chen et al., 2011; Ekanayake et al., 2009; Cardinal et al., 2010; Gorce 
et al., 2002) and modelling (Routh & Zimmerman, 2004) have found Pe to correlate 
with the vertical distribution of particles. Cardinal et al. (Cardinal et al., 2010) also 
considered the effects of sedimentation, in addition to evaporation and diffusion, for 
cases where the particles are significantly denser than the continuous medium. 
In Routh and Russel’s model, under conditions where Pe >> 1, such that particles 
accumulate near the top interface, skin formation is predicted when   is sufficiently 
low, such that the particles are prone to coalescence in the presence of water via wet 
sintering. That is, a combination of heterogeneous drying and “soft” particles is 
predicted to be necessary for a skin layer to develop during film formation. Routh 
and Russel created a map to show the dominant deformation mechanisms determined 
by the particular values of   and Pe.(Routh & Russel, 1999).  
Although the Routh-Russel deformation model was developed more than 15 years 
ago, a comprehensive and quantitative test of it is lacking. In a first attempt, Routh 
and Russel reviewed the past literature.(Routh & Russel, 2001)
 
They deduced the 
mechanism of particle deformation from qualitative descriptions of film formation 
and estimated values of   from the experimental conditions that were reported. 
There was broad agreement with the model. More recently, Gonzalez et al.(Gonzalez 
et al., 2013) varied the conditions of film formation (

E and T) and the material and 
film parameters (Rp, η0 and H) to map out a wide range of   values. They inferred 
the particle deformation mechanisms from microscopies and visual observations. 
50 
 
There was qualitative evidence that the deformation mechanism of a particular latex 
was adjusted from wet sintering, to capillary deformation, and to dry sintering as 
was increased. Many studies of film formation rely on visual observation to deduce 
the extent of drying and particle deformation.(Jensen & Morgan, 1991). There are 
also numerous studies of water loss in polymer colloids using gravimetric 
techniques.(Croll, 1986; Narita et al., 2005). To provide more definitive data in this 
work, we use non-invasive nuclear magnetic resonance (NMR) profiling to study the 
water distribution during film formation in different regions on the Routh-Russel 
deformation map. 
Although the film formation research community appreciates that a skin layer will 
reduce the rate of water loss from polymer colloid films, the problem has not yet 
been systematically studied within the framework of the Routh-Russel deformation 
model. In this work, the value of the deformation control parameter,  , was varied 
over a wide range by adjusting the polymer viscosity via the polymer Tg in relation to 
the process temperature, T. The experiments enable a careful study of the conditions 
leading to the growth of a skin layer. Oil-in-water emulsions exhibit an analogous 
variation of coalescence with position during drying.(Feng et al., 2013). This present 
research is motivated by a desire to identify and understand the environmental 
conditions and system parameters that lead to skin formation. In the film formation 
of coatings, inks and adhesives, the usual objective is to avoid the phenomenon. 
 
4.3. Experimental 
 
An attempt was made to quantify the Routh-Russel model. Almost all characteristics 
of the latexes were measured, such as particle size, 2Rp (DLS), initial wet film 
thickness, H (GARField NMR), evaporation rate, 

E  (gravimetry), surface tension of 
the latex in air, wa  (pendant drop method). Viscosity of water, µ was taken to be 
1.00 mPa s and the low shear viscosity of the polymer, η calculated from 
experimental values (rheology measurements) and estimated using the WLF 
equation. 
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 Synthesis of MMA/BA latexes by emulsion polymerization.  
 
Several latexes with similar average particle sizes and different glass transition 
temperatures (Tg) were synthesised using semi-continuous emulsion polymerization 
under monomer-starved conditions. Synthesis procedure of these latexes is described 
in Section 2.1. Latexes studied here had monomer weight ratios of MMA:BA of 
17:83, 30:70, 40:60 and 50:50 named A1, A2, A3 and A4 respectively with Tgs of 
22, 11, 4 and 19 °C respectively, measured by DSC and similar target particle size 
of around 70 nm in diameter, determined by dynamic light scattering using Malvern 
Zetasizer Nano S (Malvern Instruments). All ingredients in the formulation were kept 
the same in all polymerization reactions with the exception of the monomer ratio, 
which was used to adjust the polymer Tg . To synthesise monodispersed latexes with 
different Tgs, MMA and BA were copolymerised. An example of the formulation is 
shown in Table 4.1. 
Table 4.1. Formulation used for the synthesis of latex, A4 with a Tg of 19 ºC. 
Material Quantity (g) 
DI water 590 
DSS 10 
MMA 200 
BA 200 
APS  2 
 
4.4. Results and Discussion 
 
4.4.1. Effect of latex polymer Tg on rates of water loss 
 
We first consider measurements of the water loss for the series of four latexes 
obtained using gravimetric analysis. Figure 4.1 shows the evolution of the mass over 
time in latexes with four different Tg values when held at a controlled constant 
temperature (22 ± 1 ºC) and RH (43 ± 2%) in still air. In these experiments, the 
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initial wet films had the same thickness, surface area, and solids content. For all four 
latexes, there is an initial constant rate of water loss that takes the same value for 
each: 6.8 × 10
-6
 g cm
-2
 s
-1
, which is comparable to what has been reported in the 
literature for pure water (cf. 5  10-6 g cm-2 s-1 for Tsuji et al.(Tsuji et al., 2008) and 4 
 10-6 g cm-2 s-1 (at 50% RH) for Rösler et al.(Rösler et al., 1994). In this first period, 
the water loss rate is set by the free evaporation rate of water. After about 2500 s, this 
constant rate period is followed by a falling rate period in which the rate of water 
loss is seen to slow down. The falling rate is determined by the transport of water 
around or through the bed of polymer particles.(Narita et al., 2005) It can be 
observed that as the Tg of the latex is reduced (and as T–Tg is increased), the rate of 
water loss slows down. After 4000 s, the mass reaches a constant value that indicates 
the completion of drying and defines a drying time, tdry. For these films with the 
same thickness, surface area and solids content, the drying time increases as the Tg of 
the latex decreases. This result indicates that the polymer particles have an effect on 
the falling rate period of drying. To understand and to explain this result, we 
determined the distribution of water in the latex films in the vertical direction during 
drying using the GARField NMR technique. 
 
Figure 4.1. Mass loss as a function of time for the latex series with various values of 
Tg: 22 °C (▲), 11 °C (Δ), 4 °C (■) and 19 °C (□), when drying under an ambient 
temperature of 22 ± 1 ºC in still air with RH = 43 ± 2%. The dashed line shows the 
initial constant rate of water loss, prior to the falling rate period. 
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The NMR signal intensity is proportional to the concentration of water in the films at 
a particular position. The drying time for a latex film corresponds to the point at 
which the NMR signal intensity reaches zero or a baseline value (in cases where 
there is a signal from the polymer phase). 
 
 For polymers with the lowest Tg of 22 C, the molecules have sufficient mobility at 
room temperature to produce an NMR signal with the experimental parameters used; 
hence, the polymer phase contributes to the total signal throughout the measurement. 
Figure 4.2 shows the GARField profiles of this latex when drying under an RH of 
73%. The position of 0 represents the interface of the film with the substrate. The top 
of the wet film is initially at a height of ca. 450 m. For the first 300 min. of drying, 
the profiles are flat, indicating a uniform concentration of water throughout the depth 
of the film. Thereafter, a step in the profile develops near the film’s interface with the 
air, and there is a higher concentration of water near to the substrate. A top surface 
layer with a negligible water content, develops and grows thicker over time. We refer 
to this surface layer hereafter as a skin. A water gradient remains in the film until the 
latest stages of drying. The NMR signal intensity decreases until a time of 980 min., 
which defines the drying time. Similar water profiles were reported by Rodriguez et 
al. in blends of acrylic latex and poly(dimethyl siloxane) (PDMS) emulsion with a Tg 
of 127 C, when drying at room temperature.(Rodríguez et al., 2008) They 
attributed the skin formation to the coalescence of the PDMS droplets near the film 
surface.  
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Figure 4.2. GARField NMR profiles for latex with a Tg of 22 ºC drying at a 
temperature of 22 ±1 ºC and a relative humidity of 73 ±2%. (a) Profiles are shown 
throughout the process with time presented on the third axis. (b) Selected profiles are 
shown at selected times (min.) given in the legend. A step in the water concentration 
is found during times starting at approximately 500 min. The arrow points to the 
region interpreted to be the skin layer. Analysis of the NMR intensity loss finds tdry = 
980 min. For this experiment,   = 3.2 × 10-4 and Pe = 1.9. 
 
Next, the evolution of water concentration profiles is considered under identical 
environmental conditions for the latex with a Tg of –11 ºC (Figure 4.3). As in the 
(a) 
(b) 
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previous experiment, the water concentration is initially uniform with depth. Linear 
gradients develop at later stages of drying, starting from about 200 min.  Unlike what 
was seen for the latex with a Tg of –22 ºC, there is no step in the profile associated 
with a skin layer. The decrease in the NMR signal stops at a drying time of tdry = 616 
min. 
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Figure 4.3. GARField NMR profiles for latex with a Tg of 11 ºC during at a 
temperature of 22 ±1 ºC and a relative humidity of 73 ±2%. (a) Profiles are shown 
throughout the process with time presented on the third axis. (b) Selected profiles are 
shown at selected times (min.) given in the legend.  From approximately 200 min., a 
linear concentration gradient of water is observed, and the gradient decreases as 
drying proceeds. Analysis of the NMR intensity loss finds tdry = 616 min. For this 
experiment,   = 3.3 × 10-3and Pe = 1.4. 
 
 
 
(a) 
(b) 
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 Next, a latex with a Tg closer to the temperature of film formation is 
considered. Figure 4.4 shows NMR profiles obtained from the latex with a Tg of 4 ºC. 
In this case, the profiles remain rather square throughout the drying process and 
exhibit only a slight gradient in the final stages of drying. The water concentration is 
only slightly lower near the film/air interface. Notably, the water is fully lost from 
the film (as is indicated by the loss of the NMR signal) after 247 min.  
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Figure 4.4. GARField NMR profiles for latex with a Tg of 4 ºC drying at a 
temperature of 22 ±1 ºC and a relative humidity of 73 ±2%. (a) Profiles are shown 
throughout the process with time presented on the third axis. (b) Selected profiles are 
shown at selected times (min.) given in the legend. Analysis of the NMR intensity 
loss finds tdry = 247 min. For this experiment,   = 1.2 × 10
-1
and Pe = 1.9. The 
profiles are relatively square throughout the drying process, with only a slight water 
concentration gradient. 
 
 
(b) 
(a) 
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With Tg = 19 C, the GARField NMR profiles similarly show that the water 
concentration is uniform with depth throughout the films. (See Figure 4.5). 
 
 
Figure 4.5. GARField nuclear magnetic resonance profiles for latex with Tg of 19 ºC 
drying at temperature and relative humidity of 22 ±1 ºC and 73 ±2%. The profiles are 
rather square, indicating that the water concentration does not vary with depth from 
the surface.  = 25.9 and tdry = 141 mins. (a) Three-dimensional profiles and (b) 
selected two-dimensional profiles. 
 
(a) 
(b) 
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The water distribution in the vertical direction during latex film formation shows a 
strong function of the Tg of the polymer, when the other parameters are not varied. At 
the lowest Tg (22 ºC), there is a step in the water concentration, indicative of a dry 
skin layer near the film’s interface with air. At an intermediate Tg (11 ºC), linear 
concentration gradients place the lowest water concentration at the air interface. At 
the highest Tg (4 ºC), the water concentration varies only slightly with distance from 
the air interface. Water is distributed more uniformly in the vertical direction. As was 
also found in the gravimetry experiments, the drying times obtained from the NMR 
experiments decreased as the polymer’s Tg increased. The trend is apparent in the 
data in Figure 4.6. In the next section, we will explain these results by consideration 
of particle deformation. 
 
Figure 4.6. Evolution of the NMR signal intensity of magnetism with drying time for 
the latexes with Tgs of 22 °C (▲), 11 °C (Δ), 4 °C (■) and 19 °C (□) drying in a 
controlled environment with a relative humidity of 73 ±2% RH and temperature of 
22 ±1 ºC. The NMR signal intensity is proportional to the density of mobile 
1
H found 
in water. The drying time, tdry, is obtained from the point where the intensity reaches 
zero or is stable over time. The arrows indicate tdry for each of the four latexes. 
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4.4.2. Application of the Routh-Russel model to the experimental results 
 
To explain the large differences in the water concentration profiles as the 
polymer Tg is varied, the Routh-Russel model is now employed. The model uses two 
dimensionless parameters, Pe and  , as were stated in Eq. 4.1 and 4.3. The values of 
Pe and   are determined by characteristics of the colloidal dispersion (Rp, η, , ) 
and by the film formation process parameters (H, 

E , and T). In turn, the polymer 
viscosity, η, is a strong function of the temperature used in the process in relation to 
the polymer’s Tg (Eq. 4). In our experiments, all of the parameters used in Pe and   
were found in independent measurements or taken from the literature, as described 
hereafter.  
    Gravimetric measurements of water loss from latex films under two different 
environmental conditions (for example, Figure 4.7) were used to find the 
evaporation rates at the start of the process. The best fit to the initial linear region 
was used to measure the change in mass (m) with time (t), 
dt
dm
. For each experiment, 

E  (a velocity) was calculated from 





Adt
dm

1
, assuming the density of water to be ρ  
= 1g cm
-3
 and using the measured surface area, A, of the cast latex in the laminated 
basin (1.13 cm
2
).  
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Figure 4.7. Mass loss over time for the latex with a Tg of 4 ºC drying at a room 
temperature of 22 ± 1 ºC in still air with two different relative humidities of 23± 2% 
(red line) and 73 ± 2% (blue line). The evaporation rates of water at these two 
humidities, obtained in the initial linear region as shown, are 

23E  = 1.1 × 10-7 m/s 
and 

73E  = 3.2 × 10-8 m/s, respectively. 
 
 The average radii of the particles, Rp, as obtained by dynamic light scattering.  
The water-air surface tension, , was measured by the pendant drop method on 
several latexes and found to be 48 mN/m. The viscosity (µ) of the continuous phase 
of the wet latex at room temperature is taken to be the value of water: µ = 1.00 mPa 
s. The initial wet film thickness, H, was measured from the width of the first 
GARField profile, obtained immediately after casting the film. The top and bottom 
edges of the profiles were defined by the positions with a normalized signal intensity 
of 0.1. (See Figure 4.8.)  
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Figure 4.8. GARField profiles of latex A4 (Tg = 19 ºC) with an initial wet film 
thickness, H0 = 223 m. 
 
The variable that has the greatest effect on the value of   is the low shear viscosity 
of the polymer, η. This parameter was measured directly for a thick layers of Latex 
A2 at two temperatures (30 C and 50 C), which are above the polymer’s Tg of 11 
C. (See Figure 4.9(a)) Using Equation 3.3, a value of ηg = 1.3  10
12
 Pa s (mean 
value for the two test temperatures) was obtained from the plateau value of viscosity. 
This value was subsequently used to calculate η at room temperature for the latex 
series having a range of Tg values. The viscosity is an apparent viscosity, where the 
increase is probably caused by a contact with the plate improving over time. The 
samples were tested at a low constant shear rate of 10
-3
 s-1 which was determined as 
the lowest shear rate near the zero shear rate which the instrument was capable of 
running without machine failure. Figure 4.9 (b) shows  a schematic of general 
apparent viscosity compared with shear rate curve of colloidal dispersions from zero 
to infinite shear viscosities. 
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Figure 4.9. (a) Variation of the viscosity with time for dried latex A2 (Tg = -11 °C) 
at a constant shear rate of 10
-3
 s
-1 
and test temperature of 30 °C (●) and 50 °C (■). 
The viscosity, η plateaus at 4.05 × 106 Pa s at a test temperature of 30 °C and at 8.74 
× 10
5
 Pa s at 50 °C. The plateaux are indicated by the horizontal solid lines. (b) a 
schematic of general apparent viscosity compared with shear rate curve of colloidal 
dispersions from zero to infinite shear viscosities. 
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In our experiments, Pe was adjusted by varying 

E  and the initial thickness of the 
latex, H. Additionally,   was adjusted by varying η by using a range of polymer Tg 
values. The Pe and   values corresponding to all of the GARField NMR 
experiments are presented in Figure.4.10 in the form of a Routh-Russel deformation 
map. In the majority of experiments, Pe >> 1, which means that non-uniform water 
distributions during drying are expected. The map is shaded to designate regimes 
predicted by the Routh-Russel model.(Routh & Russel, 1999; Routh & Russel, 2001) 
Capillary deformation is predicted when 10
2
 >   > 1 (shown in light grey on the 
map). Skin formation is predicted when Pe >1 and   < 1 (dark grey). Wet sintering 
(without skin formation) is predicted when Pe < 1 and   < 1 (white). We attempted 
to access the dry sintering regime ( > 102) in our experiments, but the acquisition of 
reliable NMR profiles was hindered by film cracking and delamination. 
Representative NMR profiles are presented in the different regions of the map. 
Square profiles (indicating homogeneous drying through the vertical height of the 
film) were found experimentally with   > 1 in the capillary deformation regime. If 
the deformation of the particles under capillary pressure is uniform through the depth 
of the film, then a uniform concentration of water (exhibiting square profiles) is 
expected. The results agree with the model. 
Asymmetric linear profiles were found in the region of the map where 0.02 <  < 1, 
which is in the wet sintering and skin formation regime in the model. Profiles 
exhibiting severe skin formation (indicated by a discrete, dry surface layer) are found 
in the region of the map where   < 0.02. More pronounced skin formation was 
observed as the polymer viscosity was reduced by increasing the quantity TTg. We 
conclude that skin formation occurs in the region that is predicted by the model, 
although a discrete skin layer is not observed until   is sufficiently low. 
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Figure.4.10. Deformation map of latexes for all experiments with Tgs of 22 (), 
11 (), 4 () and 19 °C () and GARField nuclear magnetic resonance profiles 
exhibiting different drying characteristics obtained at a temperature of 22 ± 1 °C and 
RH of 43 ± 2%. Representative GARField profiles are shown with different 
characteristics:  square profiles (upper left side, Tg = 19 °C); asymmetric profiles 
(bottom left, Tg = 11 °C); and skinning (bottom right, Tg = 22 °C). The shading in 
the deformation map identifies the regimes predicted by the Routh-Russel model: 
capillary deformation in light grey; skin formation in dark grey; wet sintering 
without skin formation in white.  
The parameters found in the deformation map indicate that the latex with a Tg of – 22 
C will undergo wet sintering, which means that particle deformation takes place in 
the presence of water. The relatively high Pe is expected to lead to non-uniform 
water distribution and the formation of a skin layer.  AFM analysis of this latex film 
(Figure 4.11a) shows that individual particle identity at the air interface has been 
lost.  The surface roughness of only 0.3 nm indicates that the particles have flattened. 
The surface structure is what would be expected for a coalesced surface. By 
comparison, when the Tg is 19 C, the model predicts dry sintering. AFM analysis of 
the film surface (Figure 4.11c) reveals dome-like particles at the air interface with 
some nano-voids between particles; the rms roughness is 7.1 nm. This open structure 
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would be permeable to water. (The images were obtained after five days of aging at 
room temperature and ambient RH. Hence, some particle flattening and coalescence 
would have taken place during that period.) An intermediate structure is found for 
the latex with a Tg of 4 C (Figure 4.11b). Some remnant particle structure is 
observed. 
 
Figure 4.11. AFM height images of latex film surfaces (2 m x 2 m areas) after 
film formation at room temperature, comparing polymers with different Tg values: 
(a) – 22 °C; (b) 4 °C; and (c) 19 °C. 
The Routh-Russel model does not explicitly predict the water distribution during the 
later stages of film formation.  However Narita et al. made predictions of water 
profiles when water was undergoing flow through a packed bed of particles.(Narita et 
al., 2005) Routh and Russel noted that skin formation will reduce the rate of water 
loss because the diffusion of water through a coalesced film is slow relative to 
transport by Darcy flow through a bed of packed particles.(Routh & Russel, 1999)  
With the aim of identifying the reasons for the slowing of drying rates in softer latex, 
we next explore the extent to which the deformation control parameter,  , correlates 
with the film drying time. As our experiments used a range of film thicknesses, 
temperatures, and relative humidities, absolute drying times cannot be compared. 
Instead, a dimensionless drying time, t*dry, is calculated by dividing the experimental 
tdry by the drying time predicted from the initial free evaporation rate: H(1 –  )/

E , 
where  is the initial solids volume fraction. When the water loss rate slows during 
the drying process, t*dry will be greater than unity. Thus, t*dry can be taken to be a 
simple measure of the extent of drying impediment, such as by skin formation. 
Figure 4.12 shows how the dimensionless drying time, t*dry varies with  . The black 
data points represent experiments where Pe > 2. For this regime, the data show that 
(b) 
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when   is reduced below 1, longer drying times result. Up to a value of  = 1, there 
is broadly an inverse correlation between t*dry and  , given by a line of best-fit: t*dry 
= 2.5 – 1.5 log . Physically, this represents an increase in the drying time by a 
multiple of the free evaporation time when   is decreased by approximately one 
order of magnitude. 
It is seen that increasing   above 1 has no effect on the drying times. This transition 
point at  = 1 corresponds to the onset of capillary deformation where the particles 
are deformed at the same rate at which water is lost. The inter-particle void spaces 
created by plateau borders (Crowley et al., 1992) remain open during drying, and 
there is not an impediment to water evaporation. In this regime, t*dry should be on the 
order of unity, as is observed experimentally.  
When   decreases and lies within the range for wet sintering, the dimensionless 
drying times are seen to be exceedingly long (>8). When Pe > 1, this regime 
corresponds to skin formation and an associated impediment to evaporation. Hence, 
the long drying times found in our experiments are well explained by the model. 
The data points in red in Figure 4.12 were obtained from thinner films (H << 270 
m) and/or with lower evaporation rates (as RH = 75 ± 2%) under conditions leading 
to Pe < 2. Slowing the evaporation rate allows enough time for the particles to 
diffuse through the vertical height of the latex, hence encouraging a homogeneous 
water concentration in the vertical direction. As a general trend, t*dry is lower in these 
experiments with Pe < 2, when particles will be more uniformly distributed in the 
vertical direction, with a shallower concentration gradient.(Routh & Zimmerman, 
2004) Thus, the experiments find a weaker slow-down of drying when the tendency 
for skin formation is weaker.  
 The results in Figure 4.12 demonstrate clearly that although a large number 
of parameters influence the latex film formation process, the use of dimensionless 
parameters shows useful trends. The application of the model enables a user of latex 
films to select the polymer and to set the environmental conditions and film thickness 
appropriately to attain the fastest possible drying times. The vexing problem of slow 
drying caused by skin formation becomes tractable. 
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Figure 4.12. The variation of normalised drying time, t*dry against 

  for latexes 
with Tgs of -22 °C (▲), - 11 °C (Δ), 4 °C (■) and 19 °C (□). Outliers with red 
symbols are for thin films (180 < H < 270 µm) with a lower Peclét number (1 < Pe < 
2). All other points are for thicker films (270 < H < 409 µm). The trendline follows 
t*dry = 2.5 – 1.5 log . 
It is relevant to note that in polymer systems, particle deformation requires a non-
negligible amount of time, is longer than the drying time in the case of dry sintering. 
On the other hand, in oil-in-water emulsions, the dispersed oil phase has a much 
lower viscosity in comparison to polymers, and droplet coalescence can be very fast 
in relation to drying. In an emulsion system, Feng et al.(Feng et al., 2013) identified 
the importance of the emulsion’s disjoining pressure in determining the water 
concentration profile during drying. When the disjoining pressure was high, they 
observed droplet coalescence throughout the concentrated emulsion, which they 
called “bulk coalescence.” In emulsions with a low disjoining pressure, they found a 
mechanism of “front coalescence”, where coalescence moved inwards from the 
interface with air. Front coalescence created an oil layer that impeded subsequent 
water evaporation. This mechanism is analogous to the skin formation observed in 
Figure 4.12. In polymer systems, such as studied in the present work, the effects of 
disjoining pressure are expected to be less important because the particle deformation 
by viscous flow is rate controlling.  
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CONCLUSIONS 
The Routh-Russel process model of particle deformation has been applied to well-
characterized latexes over a wide range of controlled environmental conditions. It is 
important to highlight that the latexes were free of coalescing or wetting agents, and 
all the ingredients were kept the same with the exception of the monomer ratios, 
varied to adjust the Tg. Direct comparison was enabled by eliminating all other 
variables.  
In systematic experiments, Pe and   were adjusted by changing the wet film 
thickness, H, the evaporation rate, 

E , and the polymer viscosity, η, through variation 
of the Tg. The drying times for films of identical thickness and atmospheric 
conditions were found to be inversely related to Tg. Water concentration profiles in 
the vertical direction in the film were obtained throughout the film formation process 
for the same series of latex. As the Tg was reduced, linear concentration gradients 
developed.  With the lowest Tg of 22 C, a coalesced surface layer – or skin – was 
evident in the concentration profiles. 
Parameters were selected to access various regimes in a Routh-Russel deformation 
map (  versus Pe). Skin layers were seen to develop when   < 0.02, obtained when 
T-Tg was high (> 33 ºC). In this case, the skin layer resulted in drying times that were 
5 – 8 times longer than expected from the free evaporation rate of water at the onset 
of the process. On the other hand, with   > 1, obtained when T – Tg was small, the 
water concentration was more uniform with depth; there was no evidence for skin 
formation.  Consequently, there was no slowing down of the drying process.  In the 
high-  regime, when Pe was kept small (<2)   skin formation was less severe, and 
the decrease in the drying times was weaker.  
The experimental results support the Routh-Russel model. In the capillary 
deformation regime (1 <   < 102), the water concentration is uniform with depth. 
The drying process is not significantly impeded by the deformed particles. As found 
in the model, there is evidence for skin formation when  < 1 (in the wet sintering 
regime) and when Pe >1. In this case, drying times are longer. The dimensionless 
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drying time, t*dry, is on the order of unity at the transition point from the wet 
sintering to the capillary deformation regime, where   = 1. Below this transition 
point, an inverse relation is given as t*dry = 2.5 – 1.5 log . 
Consideration of the effects of the various parameters leads to an important insight. 
Low Pe values (in order to avoid the skin formation regime) can be achieved when 
the product of H and 

E  is small. On the other hand, a high value of , to avoid wet 
sintering and possible skin formation, is achieved when the ratio of 

E /H is high. 
Decreasing the film thickness, H, thus provides a way to avoid skin formation. 
This research has indicated that the process conditions and material parameters can 
be adjusted to ensure that   and Pe take values outside of the wet sintering regime 
as a way to avoid the slow drying caused by skin formation. The model and 
experiments show that skin formation can be avoided with thinner films, faster initial 
evaporation rates (as with low humidity and flowing air), and higher polymer 
viscosity (as with T just slightly above Tg). The effects of the process temperature are 
more difficult to predict because of competing effects.  Increasing T will increase 
particle diffusivity and will normally increase 

E  (depending also on the humidity).  
The effect of T on Pe will be small and will depend on the strength of the 
temperature dependence of 

E . Increasing T will lower the polymer viscosity, η and 
thereby decrease   towards the wet sintering regime. However, the effects can be 
counter-balanced if the increase in 

E  is sufficiently large. 
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5. Effect of particle size and bimodality on the water loss 
rate from latexes drying under different environmental 
conditions 
 
5.1. Introduction 
 
The effect of particle size on the drying mechanisms of latexes is one that is of 
interest to the marine and protective coatings industry. The literature on latex film 
formation has grown enormously over the past few decades. Although a greater 
insight has been shown by the optimisation of modern characterisation techniques, 
the actual mechanisms are still subject to controversy and debate. The absence of 
sufficient knowledge regarding the drying of nanoparticles is due to the difficulty in 
developing effective tools to see through solvents and probe chemical and physical 
events in the liquid.(Sun, 2012) 
It has been found that smaller particle size latexes have better film formation 
properties compared to those latexes with large particle size. (Poth et al., 2011) The 
reason for this hypothesis is that the driving force for particle deformation is higher 
when the particle size is lower because of the increased surface energy resulting from 
the higher surface areas (Jensen & Morgan, 1991; Keddie & Routh, 2010). 
According to the Routh-Russel model of deformation mechanisms (as described in 
Chapter 2), vertical uniform drying is encouraged by using smaller particles as they 
will diffuse faster than larger particle sizes, as is described by a lower Peclet number 
(Routh & Russel, 2001). As was demonstrated in the experimental results presented 
in Chapter 4, the control parameter, , determines the dominant mechanism of 
particle deformation.  It is a function of the particle size.  Hence, the particle size is 
expected to influence the dominant deformation mechanisms. Larger particle sized 
latex can exhibit skin formation if the characteristic time of evaporation is shorter 
than the time for the particle to diffuse in the aqueous phase, and if   is low enough.  
Several studies have been carried out with regard to the effect of changing 
latex particle size on various properties such as the MFFT (Brodnyan & Konen, 
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1964; Vanderhoff et al., 1967; Jensen & Morgan, 1991; Sperry et al., 1994; Kan, 
1999) and also drying times (Vandezande & Rudin, 1996).  
Pohl et al, studied latexes made with copolymers of MMA, BA and acrylic 
acid (AA), and they compared the particle deformation kinetics with the polymer 
interdiffusion rates using light scattering (particle deformation kinetics) and Förster 
resonance energy transfer (FRET). (Pohl et al., 2013) They found that latexes with 
larger particle size (Rp ~170 nm) and reduced concentration of surfactant (SDS) 
before polymerisation deform more slowly than latexes with smaller particles (Rp ~ 
35 nm). They found larger particles to interdiffuse earlier than smaller particles 
possibly due to reduced capillary pressure for larger particle sized latexes. 
Bi-modal mixtures are also of interest in terms of stratification of colloidal 
systems as studied by Trueman et al. (Trueman et al., 2012) Under the right 
conditions, slower-diffusing, large particles are expected to accumulate at the top of 
the drying film, whereas smaller, faster-diffusing particles will be uniformly 
distributed.  
The results in this chapter consider the effects of particle size on the early stages of 
the drying process of latex. The work explores the extent to which the water loss rate 
from a drying latex can be adjusted by the control of the vapour pressure of the water 
meniscus between polymer particles. In the early stages of drying of latex, the vapour 
pressure equals that of pure water, so the evaporation rate will also equal that of 
water.  However, when the particles pack together, as drying proceeds, there will be 
a meniscus between the particles. For a given contact angle of water smaller particles 
will have menisci with a smaller radius of curvature, as represented in Figure 5.1. 
The interface curvature and evaporation rate are function of particle size but also of 
contact angle however, the effect of contact angle was not explored in this study. 
The vapour pressure of a curved surface is much lower than that of a flat 
surface. The ratio of vapour pressures is provided by the Kelvin-Laplace equation 
which states that it is exponentially related to the radii of the curved meniscus.  We 
propose that there will be a reduction in the vapour pressure of the water in the 
meniscus between particles as the particle size is reduced. The reduction in the 
vapour pressure, in turn, is expected to reduce the evaporation rate. Therefore, we 
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propose in this present work that there will be a slowing down of the evaporation rate 
in the early stages of drying as the particle size is reduced. 
 
Figure 5.1. Cross-sectional views of the water meniscus between spherical particles. 
It is shown schematically that the radius of the curvature of the meniscus, Rm, is 
related to the particle radius, Rp. 
The interest in this work is in the early stages of film formation, at the point 
when particles are starting to form a close-packed bed. To investigate the effects of 
particle size, latexes with a similar Tg (~ 4 °C) and composition (co-polymers, MMA 
and BA, use of anionic surfactant, DSS) but with a varying monomodal particle size 
were synthesised. This target Tg of the latex was chosen so that the latex that would 
film form under environmental conditions similar to those in our previous studies in 
Chapter 4. Limited changes in formulating ingredients have enabled us to make a 
direct comparison of results and to relate them to previous studies. The latexes were 
dried under different temperatures and humidity conditions. 
The requirement for the work described in this chapter was to prepare latexes 
of varying particle size.  There is a wealth of literature methods for doing this.  Many 
of these methods depend on the use of non-ionic surfactants, especially for larger 
particle size latexes.  Non-ionic surfactants are known to have a plasticising effect on 
acrylic latexes, and to avoid complicating the interpretation of the drying results it 
was important to exclude these materials.  The synthetic work was therefore 
challenging. Commercial practice routinely puts some surfactant in the reactor at the 
beginning of the reaction and uses the rest to form a monomer pre-emulsion.  To 
extend the particle size upwards, seeded emulsion polymerisation was used.  
Theory: Reduction of vapour pressure due to reduction of 
particle size as described by the Kelvin-Laplace equation. 
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As described earlier, the reduction of vapour pressure on a curved surface compared 
to a flat surface is proportional to the radii of meniscus between two particles. In 
turn, this reduction in vapour pressure is related to the water-loss rate. The 
evaporation rate is proportional to the difference in the vapour pressure of the liquid 
and the partial pressure in the vapour phase and is best explained by the Kelvin-
Laplace equation: 





 

 m
LC
RRT
V
P
P 2
exp

       (5.1) 
where   is the surface tension of a liquid (value for pure water is 72 × 10-3 Nm-1, at 
room temperature), VL is the molar volume of the liquid (for water it is 18 mL/mol = 
18 × 10-6 m3/mol), R is the gas constant equal to 8.314 J mol-1 K-1 , T is the absolute 
temperature = 298 K, and Rm is the radius of curvature of the liquid meniscus. A 
concave meniscus has a negative radius of curvature, so that it takes a negative value.  
 In a bed of close-packed particles, there will be a water meniscus at the neck 
of three adjoining particles. The particular radius of curvature of the meniscus 
depends on the hydrophilicity of the particles, which defines the contact angle. A 
simple geometric argument shows that the radius of the void between three identical 
spheres is calculated to be a factor of 





1
3
2
 times the radius of the spheres. 
Hence, the radius of curvature of the water in the meniscus between particles, Rm, 
which has a negative radius between spherical particles, is related to the particle 
radius, Rp, as Rm = Rp/6.45.  Substituting for Rm in the Kelvin-Laplace equation, we 
obtain the following; 









 p
LC
RRT
V
P
P 9.12
exp

       (5.2) 
For a particular humidity, the reduction in the water’s vapour pressure will be 
directly proportional to the reduction in the evaporation rate. 
In Equation 5.2, it is predicted that when the particle diameter is 50 nm (Rp = 25 nm), 
the evaporation rate will be 76% of the free evaporation rate of water at the same 
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humidity. On the other hand, the effects become less important when the particle size 
is increased, as will be investigated in this work. 
 
5.2. Experimental 
 
In Series 1, the standard formulation gave an average particle size of around 70 nm 
(latex A14). This same formulation of the latex was synthesised again, resulting in 
latex with a particle size of 59 nm (latex A18). To avoid complicating the 
interpretation of the results in the present experiments, the composition of the latexes 
was kept as much the same as possible. Thus, the first attempts at synthesising larger 
particle size dispersions (called here Series 2) were carried out by changing the 
relative amounts of water and monomers, and by adjusting the surfactant and when it 
was added. To synthesise even larger sizes, seeded emulsion polymerisations were 
carried out. Finally, some reactions were carried out under diffusion-controlled 
conditions to prepare smaller particle size dispersions with a target particle size of 
around 30 nm in diameter. 
5.2.1. One-pot synthesis of larger particle size dispersions 
 
The first attempts at synthesising larger particle size dispersions (Series 2 Latexes, 
B0 to B4) were carried out by changing the relative proportions of water to 
monomers, and by adjusting the surfactant and when it was added. To synthesise 
even larger particles, seeded emulsion polymerisations were carried out by using 
some of the largest single shot latex as the seed.  
Latexes B0 to B4 were prepared by semi-continuous emulsion polymerisation under 
monomer starved conditions. A 2-L reaction flask with a condenser, nitrogen inlet, 
thermocouple linked to an electronic temperature controller and heating mantle, and 
an anchor stirrer was employed. A series of latexes was made using the monomers 
BA and MMA (used as supplied by Acros) and formulation shown in Table 5.1. 
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Table 5.1. Formulation used for the emulsion polymerisation process for large 
particle size latexes (up to 140 nm). This particular formulation was used to 
synthesise latex B4. 
Stage Material Amount (g) 
Seed stage 
DI water 200 
DSS 4 
MMA 80 
BA 120 
Feed Stage 
DI water 360 
DSS 6 
MMA 80 
BA 120 
Initiator 
charged 
APS 2 
DI water 30 
 
The one pot synthesis proved capable of producing particle sizes as large as 140 nm. 
To produce larger particle sizes, a two pot synthetic process was used. The 140 nm 
particle size system was used as a seed latex. This latex was charged to the reaction 
vessel with some water. The initiator was added and after a short hold. The 
remaining monomer, water and surfactant were added as a pre-emulsion. The 
formulation is shown in Table 5.2. 
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Table 5.2. Formulation used for the emulsion polymerisation process for larger 
particle size latex (greater than 140 nm). This particular formulation was used to 
synthesise the latex B5 with an average particle size of 207 nm 
Stage Material Amount (g) 
Seed latex 
DI water 110 
Acrylic latex (140 nm – 
seed 38% SC) - Latex B4  
100 
Emulsified 
monomers 
DI water 360 
DSS 4 
MMA 82 
BA 122 
Initiator 
charged 
APS 2 
DI water 30 
 
5.2.2. Seeded emulsion polymerisation (Latex A3 and A18) 
 
The strategy for the synthesis of latexes A3 and A18 with particle sizes of 70 and 59 
nm was described previously in Chapter 2.1 and the formulation for A3 is shown in 
Table 5.3. 
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Table 5.3. Formulation used for the emulsion polymerisation process for small 
particle sizes using the method in Series 1 for latex A3 or A18 and the diffusion-
controlled technique for latexes C12 and C13. 
Sample ID A3/A18 C12 C13 
Recipe 
DI water  (g) 560 570 570 
DSS (g) 10 - 2.59 
Sodium dioctyl 
sulfosuccinate (DSS) 
(g) 
- 3 - 
MMA (g) 160 60 60 
BA (g) 240 90 90 
APS (g) 2.0 0.89 0.89 
DI water (g) 30 30 30 
Feed time (hrs) 4 4.6 5 
Temperature (°C) 80 60 60 
Particle size, 2Rp (nm) 60 38 68 
 
5.2.3. Strategy for synthesis of nano-latexes: Highly diffusion controlled 
emulsion polymerisation (Latexes C8 to C14) 
 
The strategy was inspired by Sajjadi and Jahanzad,(Sajjadi & Jahanzad, 2006) who 
synthesised latexes of different acrylic monomers with particle sizes down to 25 nm 
using a low concentration of sodium dioctyl sulfosuccinate (DSS) as an ionic 
surfactant and potassium persulfate as the initiator. The latex formulations are shown 
in Table 5.3; they were designed to have a target Tg of around 4 
o
C.  
The diagrams in Figure 5.2 show the effect of stirring on the distribution of 
monomer and water during polymerisation reactions. Well stirred emulsion 
polymerisation reactions have relatively small monomer droplets that present a large 
surface area to the aqueous continuous phase.  Thus, the monomer transfers to that 
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phase readily and is absorbed by the polymer particles similarly rapidly.  Thus, the 
polymerisation rate is controlled by the propagation and termination rate processes.  
In the unstirred case, there is a reduced interfacial area between the monomer and 
aqueous phases because the monomer accumulates on top of the water phase; the 
entry of monomer into the continuous phase is limited.  Thus the reaction rate is 
constrained by the diffusion of monomer into the polymer particles.  
Qualitatively, the difference that this makes is that in the stirred case there is 
plenty of monomer present in the particles. The entry of the first radical into the 
particle causes rapid polymerisation of the monomer present until a second radical 
enters and terminates it.  Thus a lot of polymer has been added for the addition of 
only two charged groups.  Thus the initial nuclei lose stability rapidly and 
coagulation ensues until stability is attained.  This results in a much smaller number 
of particles which therefore grow larger. Contrast this with the diffusion controlled 
process.  The amount of polymer generated is much smaller between radical 
absorption events, so the loss of stability doesn't occur to the same extent. The result 
is many more particles which therefore grow to smaller sizes. (Sajjadi, 2003; Sajjadi, 
2009) 
In this study the surfactant (DSS or DSS) and 570 g of water were charged to the 
reaction flask. The reaction temperature was kept constant at 60 °C, then the initiator 
was added. There was no seed stage. The mixed monomers were added slowly at ca. 
0.5 g/min to the reaction flask and allowed to polymerise under a slow stirring speed 
at ca. 100 rpm to encourage polymerisation by monomer diffusion into the aqueous 
phase as was described by Sajjadi and Jahanzad. (Sajjadi, 2004; Sajjadi & Jahanzad, 
2006). The sketch of the experimental set-up of the highly-diffusion controlled 
polymerisation is shown Figure 5.2(b). 
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Figure 5.2. Schematic representation of (a) kinetics controlled (highly agitated) (b) 
highly diffusion-controlled (low agitation) emulsion polymerisation. In (a), a 
standard emulsion is stirred at a faster stirring speed of 250 rpm. In (b), the slow 
stirring speed (< 200 rpm) allows monomer droplets to accumulate on top of the 
water phase and the rate of polymerising particles is predominantly diffusion 
controlled. (Sajjadi, 2004). 
 
5.3. Effect of particle size on the evaporation rate in the earlier 
stages of film formation 
 
The latexes were first characterised by gravimetric analysis in situ with speckle 
interferometry to see if particle size had an effect on the rate of water loss and 
particle mobility. The latexes have similar minimum film formation temperatures 
(MFFT) just above 0 °C and Tgs between 0.4 and 5.9 °C. These characteristics are 
summarised in Table 5.4. For comparison the evaporation rate of a water-surfactant 
(DSS, 1.7 wt. %) solution with a similar water-to-surfactant weight ratio used in the 
latex formulations was measured in similar environmental conditions until the water 
had completely evaporated. Figure 4.3 shows time profiles of the relative weight of 
the mono-modal latexes with different particle sizes when drying at the same 
temperature of 23
 
°C and relative humidity of 20 ±3%, respectively. The relative 
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weight was calculated by dividing the weight, w of the latex at a drying time, t by the 
original weight of the latex when cast on the substrate at time t = 0, wo. 
0w
wweightrelative         (5.3) 
The normalised drying time was also expressed as the ratio of the drying time of the 
latex to that of water with 1.7 wt. % of surfactant (DSS). It is calculated as follows: 
 
0)(
,
m
tEttimedryingnormalised
L
norm 
      (5.4) 
where t is the time elapsed after the deposition of the film, E is the free evaporation 
rate of water-surfactant solution (mass per time) at the same RT and RH, mo is the 
original mass of the wet latex at time t = 0, and L is the initial volume fraction of 
liquid water.  
In the first few minutes of the drying, the relative weight decreases linearly with 
time. In this initial stage, the water-loss rate is similar to that of the water-surfactant 
solution and this stage is often described as the free evaporation of water. (van Tent 
A & te Nijenhuis K, 2000; McDonald & Keddie, 2002; Narita et al., 2005; te 
Nijenhuis & Zohrehvand, 2005; Gonzalez et al., 2013). In general, the drying of 
colloidal films can be described by either a two-stage process or a much prolonged 
three-stage drying process. In the two stage process, the free evaporation rate is then 
followed by a short non-linear slowing down rate (called the falling rate), then the 
water-loss rate plateaus when almost or completely all of the water has evaporated. 
This two-stage process is evident especially in the plot of the latex with the largest 
particle size (395 nm) shown in the inset of Figure 5.3(a). In a three-stage process, 
there is a linear stage which is the free evaporation of water, and then there is a linear 
slowing down of the water-loss rate. This is followed by a non-linear falling rate 
stage until the water loss rate plateaus when almost or completely all the water has 
evaporated. 
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Table 5.4.  Summarised characteristics of the latexes synthesised with different 
particle sizes and all with an initial solids content of 0.4. 
Latex Particle size, 2Rp 
(nm) 
Tg of dry 
latex(°C) 
MFFT (°C) 
A3 70 4.4 <0.3 
A18 59 5.9 - 
B4 140 2.3 <0.3 
B5 207 0.4 <0.3 
B6 395 1.3 < 0.3 
 
The inset in Figure 5.3 shows the change in relative weight of the latex with drying 
time in real units to provide an indication of the magnitude of the effect. The results 
show a slowing down in the water loss rate when the particle size is reduced. In the 
beginning, the rate of change in relative weight decreases linearly with time for all of 
the latex studied. A reduction of the particle size results in a change in the slope of 
the falling rate period. The experimental results show that with the smallest size (59 
nm) latex there is a prolonged non-linear region that does not plateau until the 
normalised drying time is 1.5. This result is in contrast to the latex with a particle 
size of 395 nm for which there is a plateau at 1.04, which is essentially the same as 
found for the evaporation of a surfactant solution. 
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Figure 5.3. (a) Relative weight of latexes with different particle sizes (2Rp), 59 nm 
(black ■), 140 nm (red ■), 207 nm (green ■) and 395 nm (blue ■) as a function 
normalised drying time, tnorm. Inset of (a): relative weight of latexes as a function of 
drying time, t, and at an initial solids content (SC) of around 20 wt.%. The latexes 
drying in still air at a temperature of 22 ± 1 °C and RH of 20 ±3%. (b) shows an 
example of how the characteristic drying time, t*norm was determined for latexes. In 
this example, (blue ■) is for the latex with particle size, 2Rp = 395 nm drying at a 
temperature of 22 ± 1 °C and RH of 20 ±3% with a value of t*norm = 1.04. 
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To investigate the effect of particle size further, the same series of latexes was dried 
at the same temperature but with a higher controlled RH of 43 ± 2%. The results in 
Figure 5.4 show evidence of a greater slowing of the water loss rate at the later 
stages of drying as the particle size is reduced for the latexes drying at a RH of 43 
±2%. This is a similar trend to what was found in the latexes drying at the same 
temperature and with a lower RH of 20 ±3% (See Figure 5.3). For the latex with the 
largest particle size (395 nm), the water loss rate plateaus at a normalised time close 
to 1. Following these results it was postulated that this result could be due to the 
reduction of vapour pressure as particle size is reduced. 
 
Figure 5.4.  Relative weight of latexes with different particle sizes (2Rp), 59 nm 
(black ■), 140 nm (red ■), 207 nm (green ■) and 395 nm (blue ■) as a function 
normalised drying time, tnorm. Inset: relative weight of latexes with as a function of 
drying time, t, and at an initial solids content (SC) of around 20 wt.%. Latexes drying 
in still air at a temperature of 22 ± 1 °C and 43 ± 2 %RH. 
 
Finally, the experiments were repeated with a higher RH of 73%. Figure 5.5 shows 
the change in the relative weight of the latexes with different particle sizes as a 
function of the normalised time. From the inset of Figure 5.5, it is clear that the 
effect of changing the particle size on the evaporation of water in the latex films is 
small. The results are different to what was found when drying latexes at lower RH 
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of 20 and 43%, which showed a strong slowing down in the water loss rate as the 
particle size was reduced. This result could be due to the competitive effect of 
evaporation and condensation of water vapour immediately above the surface of the 
meniscus of water between particles. Therefore the effects of vapour pressure are not 
as significant as they are at low RH, since the difference in the water vapour pressure 
in the latex film and the partial pressure of water in the surrounding environment is 
low. Evaporation is driven by the difference between the liquid water vapour 
pressure at the surface of the latex film and the water vapour partial pressure in the 
surrounding atmosphere. This concept explains why slower evaporation rates are 
found as the RH is increased for all latexes regardless of particle size, because the 
RH is a function of the partial pressure of water in the vapour phase. See Figure 5.3 
to Figure 5.5 where there are longer drying times as the RH is increased for all 
latexes, regardless of the particle size. 
 
Figure 5.5. Relative weight of latexes with different particle sizes (2Rp), 59 nm 
(black ■), 140 nm (red ■), 207 nm (green ■) and 395 nm (blue ■) as a function 
normalised drying time, tnorm. Inset: relative weight of latexes with as a function of 
drying time, t, and at an initial solids content (wfs) of around 20%. Latexes drying in 
still air at a temperature of 22 ± 1 °C and 73 ± 2 %RH. 
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Figure 5.6 shows how the dimensionless characteristic drying time, tnorm varies with 
the radius of the latex particles drying at the same temperature but different values of 
RH. The data show that the drying times are approximately 1.5 times longer than the 
free evaporation rate of the surfactant solution when the particle size is small. In 
these results, the effects of the RH are not strong, because the drying times are 
normalised.  The results indicate that the drying times are increased by a similar 
proportion regardless of the RH.  
 
Figure 5.6.  The characteristic drying time, t*norm against the particle size of the latex 
drying at different relative humidities of 20 (■), 43 (●) and 73 % (▲). 
 
The second stage of evaporation was taken to be the point at which the solids 
content (SC) reached 0.6, because near this volume fraction, hard spheres approach 
random packing.(Vanderhoff et al., 1973).  Hence, this point represents when 
particles are in first in contact or close to contact. At the start of the second stage of 
evaporation, the effects of particle size on the evaporation rate is first expected to be 
seen. Hence, the evaporation rates at a solids content of 0.6 is used for comparison in 
the series of latex. An example of how the evaporation rate was determined is shown 
in Figure 5.7 for the latex with a particle size of 2Rp = 395 nm drying at a 
temperature of 22 ± 1°C and a relative humidity of 20 ± 3%.  
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Figure 5.7. The evolution of water loss in the latex B6 (particle size, 2Rp = 395 nm) 
drying at temperature, 22 ± 1°C and RH = 20 ± 3% in still air. The change in weight 
of the latex (black ■), solids content (SC, red ■) and the evaporation rate expressed 
in g/s (blue -■-). The bold lines are a guide to the eye to show how the evaporation 
rate of 
151043.1  sg was determined under the environmental conditions. 
 
The effect of particle size on the water-loss rate in the latexes was first evaluated 
gravimetrically. A summary of the results of the latexes drying under different RH is 
shown in Table 4.5. It can be seen that the evaporation rate of water at the start of the 
second stage (SC = 0.6) increases as the particle size is increased at the three relative 
humidities studied. The most significant differences in the evaporation rate between 
the two particle sizes (395 nm and 59 nm) (designated as E395-59) are found in 
latexes drying at an RH of 20% and 43% wherein E395-59 is 0.49 × 10
-5
 g cm
2
 s
-1
 and 
0.34 g cm
2
 s
-1
, respectively. At the highest relative humidity (RH = 73%) the effect 
of particle size is evident but is not as large in magnitude with E395-59 = 0.08 × 10
-5
 
g cm
2
 s
-1
. This is a reduction in the water evaporation rate by 39%, 42% and 26% 
under an RH of 20%, 43% and 73%, respectively, when decreasing the particle size 
from the largest (395 nm) to the smallest (59 nm).(See Table 5.5) This is expected as 
evaporation of water or solvent is driven by the difference in the chemical potential 
between the different phases. (Alexandridis et al., 2011) At higher RH the difference 
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in the vapour pressure of water in the latex and the water vapour surrounding it at the 
near surface and surrounding area is small hence there are slower evaporation rates.  
 
Table 5.5. Evaporation rates of water surfactant solution and latexes of varying 
particle sizes drying under different relative humidities E395-59 is the difference 
between the evaporation rate for latexes with particle sizes 395 and 59 nm at a 
particular relative humidity. 
Particle size, 2Rp 
(nm) 
Evaporation rate, E (10
-5
 g cm
-2
 s
-1
) 
20 ± 3% RH 43 ± 2% RH 73 ± 2% RH 
59 0.78 0.47 0.23 
140 1.06 0.62 0.25 
207 1.13 0.69 0.30 
395 1.27 0.81 0.31 
E395-59 0.49 0.34 0.08 
Water + OT-75 
(1.7 wt. %) 
1.32 0.88 0.43 
% Reduction in 
evaporation 
E395-59)/(E395) 
39% 42% 26% 
 
Figure 5.8 shows the variation of the evaporation rates at SC = 0.6 for the latexes 
with different particle sizes drying at different relative humidities. There is a 
decrease in the evaporation rate as the relative humidity increases for all latexes 
regardless of the particle size. 
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Figure 5.8. Showing the variation of the evaporation rate at different relative 
humidities for latexes with varying particle sizes: 59 nm (●), 140 nm (▲), 207 nm 
(▼) and 395 nm (♦) and water-surfactant solution (■), 
 
The ratio of the evaporation rate of latexes with different particle sizes to that of the 
water-surfactant solution varies from 0.53 to 0.97. The value of this ratio not only 
depends on particle size but also on the relative humidity. (See Table 5.6). A similar 
study by Croll, (Croll, 1986) using Rhoplex® AC-388 latex with a mean particle size 
of 500 nm drying at a temperature of 22 ±1 °C and RH of 50 ± 2%, found that the 
relative evaporation rate for a latex to that of water was always 0.85 both in “still air” 
and flowing air conditions (air speed of 4 mph). Peters and co-workers (Peters et al., 
1996) quote this value of 0.85 in their description of  the second stage of evaporation 
in a latex system in a two-stage drying process independent of the composition of the 
dispersion. In our study, at a low relative humidity (RH = 20%), the latex with the 
smallest particle size, 2Rp = 59 nm dried 0.59 times slower than that of the water-
surfactant solution; however, the latex with the largest particle size dried closer to the 
rate of the water-surfactant solution and had a ratio of 0.96. At the highest RH of 
73%, the ratio of evaporation rate of the latex to surfactant solution increases to 
around 0.70 as the particle size is increased. Thus, it is apparent that Croll’s value of 
0.85 is not found under all conditions. 
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Table 5.6 The ratio of the evaporation rate of latexes with different particle sizes to 
that of water surfactant solution drying at the same temperature and relative 
humidity. Evaporations rates, E, at RH = 20, 43 and 73% with the respective RH as 
subscripts. 
Particle size, 2Rp 
(nm) 
E20 / E20water E43 / E43water E73 / E73water  Pc/P͚ 
59 0.59 0.53 0.53 0.88 
140 0.81 0.70 0.57 0.91 
207 0.86 0.78 0.70 0.94 
395 0.96 0.92 0.73 0.97 
 
Equation 5.2 predicts that the vapour pressure of the water on the curved surface of 
the meniscus, Pc, is dependent on the particle radius, Rp; specifically, it is seen that 
ln(Pc) ~ 1/Rp. As explained previously, the evaporation rate, E, is proportional to the 
water vapour pressure. By this argument, it is expected that ln(E) is proportional to 
1/Rp. To test this relationship, Figure 4.9 shows relevant plots for the latexes drying 
at different relative humidities of (a) 20, (b) 43 and (c) 73%. Although there are only 
four particle sizes studied, for each of the three humidities there is an approximately 
linear relationship on the plots, which supports the arguments arising from Equation 
4.2. Digilov (Digilov, 2000) looked at the deviation of the Kelvin-Laplace equation 
in relation to radius of meniscus between a porous substrate with nano-pores of 
below 4 nm and found a positive deviation to the Kelvin-Laplace equation for radius 
of meniscus below 2 nm. However, Equation 5.2 should be valid to use in our 
systems where the radii of the menisci are much greater than 4 nm. The results in 
Figure 5.9 show that there is a strong agreement with the Kelvin-Laplace equation 
for the latexes drying even at a high humidity of 73 ± 3% although the gradient is not 
as strong as those for the latexes drying at lower RH ≤ 43 ± 2%. 
 We note that when Pc/P = 1 (corresponding to very large particles), the 
water evaporation rate from the latex will be expected to equal the evaporation rate 
of the surfactant solution. The calculated Pc/P ratio is shown in Table 5.6 for each 
of the particle sizes. Indeed it is seen that when = 0.97, the evaporation rates for latex 
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and surfactant solution are nearly equal (ratio of 0.96) at the lowest RH. However, it 
should be noted that the ratio of evaporation rates is not expected to be a linear 
function of Pc/P, so further comparisons are difficult. 
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Figure 5.9.  Plot of the natural logarithm of the evaporation rates versus the inverse 
of the particle radius for latexes drying at similar RT and different RH values of (a) 
20%, (b) 43%, and (c) 73%. 
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5.4. Effect of bimodality on the evaporation rate of water 
 
Mixing of latexes with different particle size and or properties (e.g. hard or soft) has 
long been of interest in the waterborne coatings industry to improve and optimise 
various properties. Properties such as block resistance (Eckersley & Helmer, 1997) 
have been improved by using hard and soft latex blends and improving mechanical 
properties. In these blends, the soft latex particles coalesce to fill in the voids and the 
hard latex particles give mechanical strength to the final dry film. (Singh et al., 
2009). 
It is widely recognized that the maximum packing fraction hard spheres can 
be increased by using a bimodal or multi-modal size distribution, as the small 
particles fill the voids between the large particles.(Peters et al., 1996, Greenwood et 
al., 1997) The work of Jensen and Morgan investigated the effect of mixing various 
ratios of latexes with two different particle sizes (63 nm and 458 nm) on the 
minimum film formation temperature, (MFFT). The larger particle size latex had an 
MFFT of 36 °C and the smaller particle latex had an MFFT of 26 °C. They found a 
linear increase in the MFFT as the weight fraction of the larger particles was 
increased (Jensen and Morgan, 1991). Greenwood et al. studied the effect of particle 
size distribution, (PSD) in relation to the relative viscosity on bimodal latexes 
consisting of large polystyrene particles (diameter 434 nm) mixed with smaller 
PMMA particles (diameter ratio between 1 and 11) and suggested that an increase in 
relative viscosity was attributed to the reduction in the maximum packing fraction, 
making it difficult for particles to move past one another (Greenwood et al., 1997, 
Greenwood et al., 1998). Mariz et al. found that the relative drying behaviour of 
unimodal and bimodal systems was strongly dependent on drying conditions: 
bimodal systems showed faster drying at ambient conditions of relatively low 
humidity, whilst under low temperature/high humidity conditions, the unimodal 
system showed significantly shorter drying time (Mariz et al., 2010). They postulated 
that this was due the void filling structure of bimodal systems which reduced water 
loss under high humidity conditions.  
Evaporation rate controlled by adjusting the drying temperature is known to affect 
particle packing: a faster evaporation produces a structure with less crystalline 
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order.(Keddie, 1997) Slower evaporation tends to allow a more ordered packing as 
crystals are grown and tend towards an FCC packing structure. The film formation 
process of soft (deformable) polymer particles in bimodal suspensions is still not 
fully understood. This study will explore the effect of bimodal size on the water 
evaporation rate by use of gravimetric measurements together with nuclear magnetic 
resonance (NMR) profiling to track the distribution of water during drying. 
 
5.4.1. Experimental 
 
The bimodal latexes were made by simply blending the large (395 nm) and small (59 
or 70 nm) particles at different volume concentrations of small particles. The 
quantities of the volume concentrations was decided based on several packing 
models described in the following section. 
 
Particle packing theory 
For a bimodal system with particle number ratio 1:1 for small:large particles (Rs = 
29.5 nm: RL = 197.5 nm) 
Volume ratio Large, VL:Small, Vs 
 33 5.197
3
4
3
4   LL RV
 
 33 5.29
3
4
3
4   ss RV  
1:300: sL VV  
Giving us 0.33 vol. % of small particles. 
Hence for a 1:1 number ratio we have 0.33 vol. % of small particles 
For a monolayer of dispersed particles around the large particle; (Malliaris & Turner, 
1971) 
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                                                              (5.3) 
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For hexagonal packing,  = 1.11 and Pc = 0.38 
In our study RL = 197.5 nm and Rs = 29.5 nm 
Putting in our values into the equation 5.3 
Vc = 6.6% of small particles. 
Figure 5.10 shows the particle size ratio versus critical volume, Vc based on the 
cubic packing calculation by Kusy’s model assuming that the critical concentration is 
defined a continuous , dispersed, hexagonally packed phase around each large 
particle.(Kusy, 1977) At a large:small particle size ratio of 6.7 (as used in this study 
A18:B6) the Vc which is the minimum concentration required for continuity, is about 
16.6%. 
For a continuous string of dispersed particles around the large particle; (Kusy, 1977) 
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       (5.4) 
X = 0.42, Putting in our values we get Vc = 16.6 vol. % of small particles. 
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Figure 5.10. Particle size ratio vs. critical volume, Vc based on the cubic packing 
calculation by Kusy’s model assuming that the critical concentration is defined a 
continuous , dispersed, hexagonally packed phase around each large particle.(Kusy, 
1977) At a large:small particle size ratio of 5.6 (as used in this study) the Vc which is 
the minimum concentration required for continuity, is about 19%. 
 
5.4.2. Results and Discussion 
 
Two combinations of latex particle sizes were used in this study. Small particles 
(either A18 (with a mean diameter = 59 nm) or A14 (with a mean diameter = 71 nm) 
were blended with large particles (B6 with a diameter = 395 nm). Table 5.7 shows 
the mix ratios of different particle size latexes and the expected packing of particles 
as predicted by Kusy (Kusy, 1977) and an idealised schematic representation in 
Figure 5.11. The bimodal mixtures of A18 with B6 are presented in the gravimetric 
experiments of this chapter. 
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Table 5.7. Compositions of various blends of latexes with B6 and the expected 
packing of particles as predicted by Kusy (Kusy, 1977). 
Sample Name  A18 vol. % (small 
particles) 
Packing 
BM1 0.3  1:1 
BM2 6.6 Mono-layer 
BM3 16.5 Bi-layer 
BM4 25 > Vc (multiple 
layers) 
 
 
Figure 5.11. Idealised schematic representation of particle packing with different 
volume fractions of small and large particles. 
Figure 5.12 shows the variation of the relative weight of latexes with varying volume 
fraction of small to large particles in the bimodal mixtures during drying at a relative 
humidity of 20 %. It can be seen that the bimodal mixtures show an intermediate 
drying behaviour as compared to the pure mono-modal latexes. The latex containing 
100% small particles shows the longest normalised drying time, and the one with 0% 
small particles shows the shortest drying time. As the proportion of small particles is 
increased, there is an increase in the normalised drying times. 
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Figure 5.12. Relative weight of latexes with varying volume fraction of small (59 
nm) to large (395 nm) particles in the bimodal mixtures., 0 vol. % (black ■), 0.3 
vol. % (red ■), 6.6 vol. % (green ■), 16.6 vol. % (blue ■) 25 vol. % (yellow ■) and 
100 vol. % (purple ■) as a function normalised drying time, tnorm. Inset: relative 
weight of latexes as a function of drying time, t, and at an initial solids content of 
around 20 wt.%. The latexes drying in still air at a temperature of 23 °C and RH of 
20 ±3%. 
 
Figure 5.13 shows the variation of the relative weight of latexes with varying volume 
fraction of small to large particles in the bimodal mixtures during drying at a relative 
humidity of 43 %. The latexes with low volume fraction of small particle sizes ( ≤ 
6.6 vol. %) show very similar behaviour to the mono-modal latex with large particle 
size. However, above 6.6 vol. % there is a slowing down in the water loss rate at later 
stages as the volume fraction of small particles increases. 
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Figure 5.13. Relative weight of latexes with varying volume fraction of small (59 
nm) to large (395 nm) particles in the bimodal mixtures., 0 vol. % (black ■), 0.3 
vol. % (red ■), 6.6 vol. % (green ■), 16.6 vol. % (blue ■), 25 vol. % (yellow ■) and 
100 vol. % (purple ■) as a function normalised drying time, tnorm. Inset: relative 
weight of latexes as a function of drying time, t, and at an initial SC of around 20 
wt.%. The latexes drying in still air at a temperature of 23 °C and RH of 43 ±2%. 
  
Figure 5.14 shows the variation of the relative weight of latexes with varying volume 
fraction of small to large particles in the bimodal mixtures during drying at a relative 
humidity of 73 %. In this case the effect of bimodality is less significant compared to 
the latexes drying under lower relative humidity conditions. 
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Figure 5.14. Relative weight of latexes with varying volume fraction of small (59 
nm) to large (395 nm) particles in the bimodal mixtures., 0 vol. % (black ■), 0.3 
vol. % (red ■), 6.6 vol. % (green ■), 16.6 vol. % (blue ■) 25 vol. % (yellow ■) and 
100 vol. % (purple ■) as a function normalised drying time, tnorm. Inset: relative 
weight of latexes as a function of drying time, t, and at an initial solids content (wfs) 
of around 20 wt.%. The latexes drying in still air at a temperature of 23 °C and RH of 
73 ±3%. 
Figure 5.15 shows a general upward trend in the normalised drying times as the 
volume % of small particles is increased in the bimodal latexes for the different 
relative humidities. The effect on drying time is more significant at relative 
humidities ≤ 43%.  
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Figure 5.15. Variation of characteristic time, t*dry with increase of volume % of 
small particles in the bimodal latexes. The three relative humidities are identified in 
the legend. 
  
Figures 5.16 (a) to (e) show the evolution of the GARField NMR profiles with the 
time of the latexes drying at a RH of 20 ± 3%. Figure 5.16 (f) shows the variation of 
the intensity signal from the water with the characteristic drying time, t*dry. There 
appears to be very little difference in the drying times as the volume % of small 
particles is reduced to Lui 2011 (Lui, 2011) found that by drying the latex at a faster 
rate the large particles did not have enough time to self-arrange into an ordered 
closed packed array. When the evaporation was slow, it allowed more time for the 
large particles to equilibrate and form an entropy favoured ordered packing, and also 
allowed more time for the small particles to rearrange inside the interstices created 
by the packing large particles. Lui then goes on to say, that to achieve fast 
homogeneous drying the evaporation rate should be slowed initially and then sped up 
when the solids content is > 60%. 
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Figure 5.16. GARField NMR profiles for latexes drying at temperature of 22 ±1 °C 
and a relative humidity of 20 ± 3 °C with varying bimodal mixture with volume 
percent of small particle size latexes, 0% (a), 0.3% (b), 16.6% (c), 25% (d), and 
100% (e). The profiles for all the latexes shown are relatively square in shape 
throughout the drying process(f) The evolution of intensity signal with drying time 
for the bimodal latexes with different volume percent of small particles, 0% (-■-) 
0.3% (-■-) 16.6% (-▲-) 25% (-▼-) and 100% (-♦-). 
 
To investigate the packing of particles in the bimodal mixture some AFM images (5 
× 5 µm) were obtained after drying at ambient conditions. Figure 5.17 shows the 
topography height and phase contrast images of latex BM1 (0.3 vol. fraction of 
small). The expected packing of particles has been highlighted and the schematic 
inserted in Figure 5.17. 
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Figure 5.17. AFM (5 × 5 µm) height (upper left) and phase contrast (right) images of 
the bimodal latex  BM1 (0.3 fraction of small particles). Images were taken after 3 
hrs of latex drying in air under ambient room temperature and humidity. Highlighted 
area shows evidence of the packing of particles and a schematic representation of the 
packing of small and large particles in the dry latex. 
 
Figure 5.18 shows the AFM topography height and phase contrast images of the 
bimodal latex BM2 (7.7 vol. % of small particles). Here, larger particles appear to be 
separated by a monolayer of small particles. The large particles are identifiable as the 
lighter phase in the phase contrast images and the smaller particles as the darker 
phase. 
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Figure 5.18. AFM (2 × 2 µm) height (upper left) and phase contrast (upper right) 
images of the bimodal latex BM2 (7.7 vol. % of small particles). Images were taken 
after 3 hrs of latex drying in air under ambient room temperature and humidity. 
 
5.5. Concluding Summary 
 
5.5.1. Effect of particle size on the water loss rate 
 
The latexes in this study were synthesised with the same ingredients and including 
the type of surfactant and monomer ratios to achieve similar Tgs. This experimental 
design allowed a direct comparison in the drying latexes by eliminating all other 
variables. The drying times of the latexes of similar thicknesses and environmental 
conditions were inversely related to the particle size. There was an increase in drying 
times up to 1.6 times longer when the particle size was reduced to 59 nm.  
The results have shown that when the relative humidity is low, there is a 
stronger effect on the water loss rate of the latexes when the particle size is reduced. 
When the relative humidity is high (> 73% RH), the effect of reducing the latex 
particle size is evident, but not as significant as it is at lower relative humidities. If 
one wants to delay the drying time, then reducing the latex particle size would be 
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ideal. The results are explained by a reduction in the vapour pressure in the meniscus 
between packed particles. As stated in the Kelvin-Laplace equation, the reduction in 
vapour pressure is greater, when the radius of the meniscus is smaller, such as is 
found with smaller particles. 
 
5.5.2. Effect of bimodality on the water loss rate of the latexes 
 
At lower humidity it was hypothesized that the bimodal latexes will exhibit shorter 
drying timescales as the latex particles have short times to pack into an ordered array. 
However at higher humidity where evaporation is slow, we expected to see a slowing 
down in the evaporation rate due to a greater filling of space in the bed of bimodal 
particles. There is also an interesting possibility of stratification during drying 
whereby the larger particle will tend to concentrate toward the air-latex interface and 
there will be more of the smaller particles in the bulk of the drying latex. 
 The results have shown that bimodality has little effect on the water-loss rate 
at the early stages of drying although there are generally longer drying times as the 
volume fraction of small particles is increased. 
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6. Acid Functionalised latexes 
 
6.1. Introduction 
 
The objective of the work described in this thesis has been to understand the factors 
influencing the drying of latex films. The last two chapters have described how this 
has been achieved, by preparing latexes having the same particle size and varying Tg, 
and subsequently the same Tg and varying particle size. In both cases, methyl 
methacrylate/butyl acrylate copolymers were synthesised, because this combination 
of monomers allows for easy control of Tg. Changes in synthetic method provided 
(less easily) control of particle size. 
The characterisation of these model dispersions has allowed a great deal of 
useful information to be gained. However, such simple compositions are far removed 
from industrial practice.  In particular, virtually all latexes used in industry contain 
some methacrylic acid or acrylic acid (MAA or AA).  When the latex is neutralised 
with base, the carboxyl groups are ionised, which promotes stability of the latex. 
(Mariz, 2011). . The reason for this is the increased deprotonation and hence 
improved charge or Coulombic stabilisation. The pH also has an influence on the 
viscosity of the latex. The viscosity increases as the pH rises as a function of the 
quantity of the carboxylic acid, depending on type and quantity.(Poth et al., 2011)  
 Dobler found that there is improved coalescence in the presence of water 
(Dobler et al., 1992) when the latexes were functionalised using MAA. Experimental 
results also showed this faster rate of coalescence in neutralised latexes. 
6.2. Experimental 
 
Latexes were prepared using the usual starved feed semicontinuous emulsion 
polymerisation, incorporating the required amount of acrylic or methacrylic acid in 
the feed.  The products were characterised in the usual fashion.  (non-volatile 
content, particle size, Tg, etc.)  There are literature methods for estimating the radial 
distribution of functional groups in the latex particles, but as these are confined to 
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carboxylated latexes, require specific apparatus, and have not been employed 
elsewhere in this work, they have not been used.   
 Materials and Methods 
Materials. Methyl methacrylate (MMA), butyl acrylate (BA) and acrylic acid (AA) 
monomers were used as received (Acros Organics, 99% purity). Dioctyl sodium 
sulfosuccinate (DSS), sold as Aerosol® OT-75 (Cytec), was used as an emulsifier. 
Nonionic surfactants were excluded as they are known to have a plasticizing effect 
on acrylic copolymers. Ammonium persulfate (APS) (Fisher Scientific, UK), also 
known as ammonium peroxydisulfate, was used as an initiator. Distilled deionised 
(DDI) water was used for all experiments. Ammonia solution 35% (Fisher Scientific, 
UK) was used to alter the pH of the latexes. 
Synthesis of acrylic latexes by emulsion polymerization.  
Several latexes with similar average particle sizes, glass transition 
temperatures (Tg) of around 4 °C and different concentrations of AA were 
synthesized using semi-continuous emulsion polymerization under monomer-starved 
conditions on a 1 kg scale. Latexes studied here had different monomer ration of 
BA:MMA:AA and they had the ratios and for latex name C1 the ratio was 60:38:2 
C1, C2 was 60:39:1, and for C3 was 60:39.5:0.5 of BA:MMA:AA. A 2 L reaction 
flask equipped with a condenser, nitrogen inlet, thermocouple linked to an electronic 
temperature controller and heating mantle, and anchor stirrer were employed. All 
ingredients in the formulation were kept the same in all polymerisation reactions 
with the exception of the MMA and AA monomer ratio. The Tgs were kept the same 
by keeping the amount of BA the same and substituting an amount of MMA with AA 
since the Tg of the homopolymers of the two are similar.  The formulations are 
shown in Table 6.1. 
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Table 6.1. Formulation used for the synthesis of the non-functionalised latexes and 
AA functionalised latexes, C1-C3 with different concentrations of MMA and AA 
monomer ratios.  
Sample ID Non-
functionalised 
C1  C2 C3 
Recipe 
DDI water (g) 590 590 590 590 
DSS (g) 10 10 10 10 
MMA (g) 160 152 156 158 
BA (g) 240 240 240 240 
AA (g) - 8 4 2 
APS  2 2 2 2 
 
The surfactant and 560 g of water were charged to the reaction flask (with stirrer, 
nitrogen and cooling water turned on), which was then placed in a thermostatically-
controlled heating mantle and allowed to reach the reaction temperature of 80 ºC. 
MMA, BA and AA monomers with a combined mass of 400 g were mixed and then 
1.25 wt.% of this monomer mixture was added to the reactor over 3-4 min. via a 
peristaltic pump while stirring at 250 rpm. A solution of APS was added to initiate 
the polymerization. The reaction was left for 5 min. (the seed stage), after which the 
remaining monomer was added via a peristaltic pump over the duration of 4 h. On 
completion of the monomer feed, the reaction was left for an hour under the 
thermostatically-controlled heating mantle to complete conversion of monomers. The 
heating mantle was removed and the reaction was left until the exotherm had 
decayed, after which the latex was cooled to room temperature and filtered using an 
80 m mesh. The average particle diameters and dispersity index, were determined 
by dynamic light scattering, using a Malvern Zetasizer Nano S, and the solids weight 
fractions were determined by gravimetry. Mid-point Tg values of the dried polymer 
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were obtained by DSC analysis (NETZSCH DSC 200F3) at a heating rate of 20 
°C/min. All latexes had a dry Tg of around 4 °C measured by the DSC analysis. 
Half of the amount from the 3 latexes (C1 – C3) made were then neutralised 
by adjusting the pH from 2 by adding ammonia solution until the pH stabilised at 9 
to have a further set of latexes (D1 – D3). 
 
 
 
Figure 6.1. Schematic representation of P(MMA-co-BA) and P(MMA-co-BA-co-
AA) latexes with a pH =2 and base neutralised with ammonia solution to pH = 9. AA 
monomer and  its polymer are water soluble, hence most of this component would be 
located at the particle surface instead of going into the core of the polymer particle, 
which is mainly composed of hydrophobic monomers, MMA and BA.(Reyes-
Mercado et al., 2008). 
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6.3. Results and Discussion 
6.3.1. Effect of pH on functionalised P(MMA-co-BA) latexes 
with AA on the drying mechanism of the latexes 
The latexes were first characterised by gravimetry under controlled room 
temperature and different relative humidity. The humidity was controlled by 
saturated salt solutions as described earlier. Figure 5.1(a-c) shows the evolution of 
relative weight from cast wet latexes with normalised drying time, tnorm until there 
was little or no change in the weight of the latex. Initially the water loss late is the 
same for all latexes and then the ones with the adjusted pH = 9 appear to dry at a 
faster rate than the same latex with a pH = 2. 
 Figure 6.2 shows the normalised drying time of the latexes with the 
neutralised pH of 9 is shorter than those with the same concentration of AA but with 
the lower pH of 2. This is similar to what was found by Wang et al. who found that 
pressure sensitive adhesives from P(BA-co-AA) copolymers were drying faster at a 
pH of 9 compared to those at a pH of 4 (Wang et al., 2009). They attributed this to 
the possible explanation that at lower pH there is a predominance of hydrogen 
bonding interactions that that bind with water at the particle boundaries. These 
interactions restrict the water molecules from evaporating hence the latex takes 
longer to dry.  
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Figure 6.2. Evolution of the relative weight and normalised drying time of the 
latexes of varying percentages of AA: (a) 2%, (b) 1% and (c) 0.5%, when drying at 
an ambient temperature of 22 ±1 °C in still air with 20 ± 3% RH 
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The latexes were also dried at higher RH to see if the effect of adjusting the pH 
would have an effect on the drying of the latexes. Figure 6.3 shows the evolution of 
weight change due to evaporation of water from the latexes with normalised drying 
time at a higher relative humidity of 73 ± 2%. The difference between the acid 
functionalised latexes at pH 2 and 9 is not significant as the normalised drying times 
are similar. At 2% AA the water loss rate for the neutralised latex with pH = 9, is 
higher than that of the one with pH = 2. This is similar to what was found in the 
latexes dried at a lower humidity of 20 ± 3% shown in Figure 6.2. To investigate this 
further the concentration of water intensity in the latexes with drying time was 
explored using the GARField NMR technique under similar environmental 
conditions. 
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Figure 6.3 Evolution of the relative weight and normalised drying time of the latexes 
of varying percentages of AA: (a) 2%, (b) 1% and (c) 0.5%, when drying at an 
ambient temperature of 22 ±1 °C in still air with 73 ± 2% RH. 
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6.3.2. Effect of pH on the water loss rate of AA functionalised 
latexes via GARField NMR 
The GARField NMR technique is able to track the concentration of water as intensity 
with function of drying time through the thickness of the latex film during drying. 
Figure 6.4 (a) – (c) shows the evolution of the GARField NMR profiles with time of 
the latexes drying at a RH of 20 ±3%. Figure 6.4 (d) shows the variation of the signal 
intensity from the presence of water with the characteristic drying time, t*dry. At the 
initial stages the rate at which the signal intensity decreases is faster for the 
neutralised latex compared to the non-functionalised and the acid functionalised latex 
with a pH = 2. This is similar to what was seen gravimetrically although the trends 
were not very clear. 
 
Figure 6.4. GARField NMR profiles for latexes drying at temperature of 22 ±1 °C 
and relative humidity of 20 ± 3%. (a) is the non-functionalised latex without any AA 
and (b) and (c) have 2% AA and pH of 2 and 9 respectively. (d) is the evolution of 
intensity signal with drying time of the three latexes and the non-functionalised latex 
(-■-), latex with 2% AA and pH = 2 (-■-) and 2% AA and pH = 9 (-■-). 
 
The latexes were also dried at higher RH of 73 ± 2% and the concentration of water 
in the drying latexes was observed using the GARField NMR technique. Figure 6.5 
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(a) – (c) show the GARField NMR profiles for the latexes and Figure 6.5 (d) shows 
the signal intensity of the functionalised latex with a pH of 9 decays at a faster rate 
compared to the acid functionalised latex with pH of 2 which is similar to what 
Wang et al., found with pressure sensitive adhesives. (Wang et al., 2009). 
 
 
Figure 6.5 GARField NMR profiles for latexes drying at temperature of 22 ±1 °C 
and relative humidity of 73 ± 2%. (a) is the non-functionalised latex without any AA 
and (b) and (c) have 2% AA and pH of 2 and 9 respectively. (d) is the evolution of 
the NMR signal intensity with drying time for the three latexes and the non-
functionalised latex (-■-), latex with 2% AA and pH = 2 (-■-) and 2% AA and pH = 
9 (-■-). 
 
6.3.3. The effect of changing the concentration of AA on the drying of 
latexes. 
 
The effect of changing the concentration of latexes was also studied and weight loss 
measurements were done. There was no clear trend found in the drying of the latexes 
by changing the amount of AA used in the synthesis of the latexes.(See Figure 6.6). 
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Figure 6.6. Normalised drying time, latex with different concentrations of acrylic 
acid with a pH = 2 (a), and pH = 9 (b) and different concentrations of acrylic acid 
drying at 75% RH. 
 
6.4. Summary and Concluding remarks 
 
The results from this study would need to be repeated and clear trends to be 
understood. The particle size of the latexes remained the same when neutralised as 
measured by dynamic light scattering and this was not expected as the pH in the 
water phase is increased, these acid groups are ionized and the layer expands from 
the particle surface. Mariz found the expanded surface layers have a significant 
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contribution to the hydrodynamic diameter of the polymer particles, leading to an 
effective increase in the volume fraction of the particles, which, at high solids 
content provokes a large increase in the viscosity. (Mariz, 2011). The effect of 
increasing the concentration of AA on the drying of latexes was not clearly 
understood in this study and should be explored further. 
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7. Summary of work, Conclusions and Future work 
 
This thesis has focussed on the correlation of water loss and film formation of 
latexes with different characteristics drying under different environmental conditions. 
Chapter 3 presented the correlation of particle deformation with water concentration 
profile by use of NMR and the reasons why some latexes take longer to dry. These 
ideas where then expanded in Chapter 4, to see what the effect of particle size and 
bimodality in the latex film formation process. In Chapter 5, the idea of 
functionalised latexes similar to those studied in Chapters 3 and 4 to see the effect of 
acrylic acid on the water loss rate and film formation properties. Chapter 5 describes 
the initial studies of this work and the potential for expansion and future work will be 
proposed. 
In this final chapter, results are summarised and possible conclusions drawn, with 
considerations of possible implications of, and improvements to the current study. 
7.1. Correlation of particle deformation and water concentration 
profiles during latex film formation 
 
The Routh-Russel process model of particle deformation has been applied to well-
characterised latexes over a wide range of controlled environmental conditions. It is 
important to highlight that the latexes were free of coalescing or wetting agents, and 
all the ingredients were kept the same with the exception of the monomer ratios, 
varied to adjust the Tg. Direct comparison was enabled by eliminating all other 
variables.  
In systematic experiments, Pe and   were adjusted by changing the wet film 
thickness, H, the evaporation rate, 

E , and the polymer viscosity, η, through variation 
of the Tg. The drying times for films of identical thickness and atmospheric 
conditions were found to be inversely related to Tg. Water concentration profiles in 
the vertical direction in the film were obtained throughout the film formation process 
for the same series of latex. As the Tg was reduced, linear concentration gradients 
developed.  With the lowest Tg of 22 C, a coalesced surface layer – or skin – was 
evident in the concentration profiles. 
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Parameters were selected to access various regimes in a Routh-Russel deformation 
map (  versus Pe). Skin layers were seen to develop when   < 0.02, obtained when 
T-Tg was high (> 33 ºC). In this case, the skin layer resulted in drying times that were 
5 – 8 times longer than expected from the free evaporation rate of water at the onset 
of the process. On the other hand, with   > 1, obtained when T – Tg was small, the 
water concentration was more uniform with depth; there was no evidence for skin 
formation.  Consequently, there was no slowing down of the drying process.  In the 
high-  regime, when Pe was kept small (<2)   skin formation was less severe, and 
the decrease in the drying times was weaker.  
The experimental results support the Routh-Russel model. In the capillary 
deformation regime (1 <   < 102), the water concentration is uniform with depth. 
The drying process is not significantly impeded by the deformed particles. As found 
in the model, there is evidence for skin formation when  < 1 (in the wet sintering 
regime) and when Pe >1. In this case, drying times are longer. The dimensionless 
drying time, t*dry, is on the order of unity at the transition point from the wet 
sintering to the capillary deformation regime, where   = 1. Below this transition 
point, an inverse relation is given as t*dry = 2.5 – 1.5 log . 
Consideration of the effects of the various parameters leads to an important insight. 
Low Pe values (in order to avoid the skin formation regime) can be achieved when 
the product of H and 

E  is small. On the other hand, a high value of , to avoid wet 
sintering and possible skin formation, is achieved when the ratio of 

E /H is high. 
Decreasing the film thickness, H, thus provides a way to avoid skin formation. 
This research has indicated that the process conditions and material parameters can 
be adjusted to ensure that   and Pe take values outside of the wet sintering regime 
as a way to avoid the slow drying caused by skin formation. The model and 
experiments show that skin formation can be avoided with thinner films, faster initial 
evaporation rates (as with low humidity and flowing air), and higher polymer 
viscosity (as with T just slightly above Tg). The effects of the process temperature are 
more difficult to predict because of competing effects.  Increasing T will increase 
particle diffusivity and will normally increase 

E  (depending also on the humidity).  
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The effect of T on Pe will be small and will depend on the strength of the 
temperature dependence of 

E . Increasing T will lower the polymer viscosity, η and 
thereby decrease   towards the wet sintering regime. However, the effects can be 
counter-balanced if the increase in 

E  is sufficiently large. 
 
7.2. Effect of particle size on latex film formation in different 
environmental conditions 
 
The latexes in this study were synthesised with the same ingredients and including 
the type of surfactant and monomer ratios to achieve similar Tgs. This experimental 
design allowed a direct comparison in the drying latexes by eliminating all other 
variables. The drying times of the latexes of similar thicknesses and environmental 
conditions were inversely related to the particle size. There was an increase in drying 
times up to 1.6 times longer when the particle size was reduced to 59 nm.  
The results have shown that when the relative humidity is low, there is a stronger 
effect on the water loss rate of the latexes when the particle size is reduced. When the 
relative humidity is high (> 73% RH), the effect of reducing the latex particle size is 
evident, but not as significant as it is at lower relative humidities. If one wants to 
delay the drying time, then reducing the latex particle size would be ideal. The 
results are explained by a reduction in the vapour pressure in the meniscus between 
packed particles. As stated in the Kelvin-Laplace equation, the reduction in vapour 
pressure is greater, when the radius of the meniscus is smaller, such as is found with 
smaller particles. 
The effect of drying temperature on the drying mechanism of latexes has yet to be 
explored. The complications come to designing a heating system whereby the 
heating elements do not interfere with the magnetic components of the GARField 
apparatus. 
7.3. Effect of bimodality on latex film formation in different 
environmental conditions 
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At lower humidity it was hypothesized that the bimodal latexes will exhibit shorter 
drying timescales as the latex particles have short times to pack into an ordered array. 
However at higher humidity where evaporation is slow, we expected to see a slowing 
down in the evaporation rate due to a greater filling of space in the bed of bimodal 
particles. There is also an interesting possibility of stratification during drying 
whereby the larger particle will tend to concentrate toward the air-latex interface and 
there will be more of the smaller particles in the bulk of the drying latex. 
 The results have shown that bimodality has little effect on the water-loss rate 
at the early stages of drying although there are generally longer drying times as the 
volume fraction of small particles is increased. 
Improved packing of particles can lead to better film properties and it would be of 
interest to see how the packing of particle is affected by different temperature and 
humidity conditions. 
7.4. The effect of acid functionalised latexes on the drying in 
different environmental conditions 
 
The results from this study would need to be repeated and clear trends to be 
understood. The particle size of the latexes remained the same when neutralised as 
measured by dynamic light scattering and this was not expected as the pH in the 
water phase is increased, these acid groups are ionized and the layer expands from 
the particle surface. Mariz found the expanded surface layers have a significant 
contribution to the hydrodynamic diameter of the polymer particles, leading to an 
effective increase in the volume fraction of the particles, which, at high solids 
content provokes a large increase in the viscosity. (Mariz, 2011).The effect of 
increasing the concentration of AA on the drying of latexes was not clearly 
understood in this study and should be explored further. For future experiments, the 
synthesis of the latexes would need to be done again and the experiments reproduced 
to see clear trends.  
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